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Abstract
Hydride embrittlement and the impact of hydride reorientation are failure phenomena of
particular interest during the transportation process of spent nuclear fuel from wet storage to dry
storage. This process exposes the cladding to elevated temperatures and high pressure-induced
hoop stresses that can release the hydride platelets back into solution and cause them to radially
precipitate upon cooling. Though the impact of high temperature and high-pressure conditions
on hydride reorientation have been investigated for many nonirradiated specimens, a data gap
remains for the coupling effects of irradiation at these conditions in high burnup spent nuclear
fuel rods. To simulate this behavior, high burnup spent nuclear fuel rods from H.B. Robinson
and North Anna reactors have been exposed to hydride reorientation tests performed in the
Irradiation Fuel Examination Laboratory at Oak Ridge National Laboratory. Microstructural
characterization of the hydrides before and after hydride reorientation tests have been analyzed
using TEM, STEM, EELS, and TKD.

v

Table of Contents
Chapter 1: Introduction and Background ............................................................ 1
1.1 Zirconium Based-Alloys for Nuclear Fuel Cladding ......................... 1
1.1.1 History and Background ....................................................... 1
1.1.2 Crystal Structure of Zirconium ............................................. 1
1.1.3 Alloying Elements ................................................................ 2
1.1.4 Processing of Zirconium-Based Alloys ................................. 2
1.1.5 Second Phase Precipitates .................................................... 8
1.1.6 Irradiation Effects in the Zirconium Matrix .......................... 10
1.2 Zirconium Hydrides in Nuclear Fuel Cladding ................................. 14
1.2.1 Hydrogen Pickup ................................................................. 14
1.2.2 Zirconium Hydride Precipitation and Dissolution ................. 18
1.2.3 Zirconium Hydride Phases ................................................... 21
1.2.4 Zirconium Hydride Morphology and Microstructure ............. 21
1.2.5 Mechanical Degradation of Zirconium-Based Spent Nuclear
Fuel Cladding....................................................................... 25
1.3 Hydride Reorientation ...................................................................... 32
1.3.1 Effect of Stress on Hydride Orientation ................................ 32
1.3.2 Synergistic Effects of Hydride Reorientation ........................ 33
• Temperature Effects
• Microstructure and Texture Effects
• Effect of Hydride Concentration
• Effect of Irradiation and Burnup
• Influence of Second Phase Precipitates
1.3.3 Dry Storage and Transportation ............................................ 40
1.4 Objective and Motivation ................................................................. 40
Chapter 2: Experimental Methodology ............................................................... 42
2.1 Materials .......................................................................................... 42
2.2 Sample Preparation ........................................................................... 42
2.2.1 Metallographic Sectioning..................................................... 44
2.2.2 Fuel leaching......................................................................... 44
• Fuel Leaching for HRT Segments
• Segment Leaching and Decontamination Process
2.2.3 Outer Oxide Removal ........................................................... 46
2.2.4 Inner Oxide and Fuel Removal ............................................. 46
2.2.5 Plug Fitting .......................................................................... 50
2.2.6 Welding ............................................................................... 50
2.2.7 Test Train Assembly ............................................................ 50
2.2.8 Simulated Hydride Reorientation Test .................................. 53
2.3 Characterization Techniques ............................................................. 53
2.3.1 Optical Microscopy .............................................................. 53
2.3.2 Inert Gas Fusion ................................................................... 58
2.3.3 Focused Ion Beam ................................................................ 58
2.3.4 Transmission Kikuchi Diffraction ........................................ 58
vi

2.3.5 S/TEM ................................................................................. 58
2.3.6 EELS ................................................................................... 59
Chapter 3: Results .............................................................................................. 60
3.1 As-Irradiated Low Burnup Zry-4 ..................................................... 60
3.1.1 Macro-hydride Characterization of As-Irradiated LBU Zry-4.60
3.1.2 Hydride Phase and Orientation of As-Irradiated LBU Zry-4 .. 60
3.1.3 TEM/STEM/EDS Characterization of As-Irradiated LBU Zry-4
............................................................................................. 64
3.2 As-Irradiated High Burnup Zry-4 ..................................................... 64
3.2.1 Macro-hydride Characterization of As-Irradiated HBU Zry-4
............................................................................................. 64
3.2.2 Hydride Phase and Orientation of As-Irradiated HBU Zry-4..69
3.2.3 TEM/STEM/EDS Characterization of As-Irradiated HBU Zry-4
............................................................................................. 69
3.3 Simulated Hydride Reorientation Treatment .................................... 76
3.4 HRT High Burnup Zry-4................................................................... 76
3.4.1 Macro-hydride Characterization of HRT HBU Zry-4 ............ 76
3.4.2 Hydride Phase and Orientation of HRT HBU Zry-4 .............. 79
3.4.3 TEM/STEM/EDS Characterization of HRT HBU Zry-4 ........ 79
3.5 HRT High Burnup M5 ...................................................................... 85
3.5.1 Macro-hydride Characterization of HRT HBU M5 ................ 85
3.5.2 Hydride Phase and Orientation of HRT HBU M5 .................. 90
3.5.3 TEM/STEM/EDS Characterization of HRT HBU M5 ........... 90
Chapter 4: Discussion ......................................................................................... 99
4.1 Hydride Concentration, Phase, and Orientation ................................ 99
4.2 Second Phase Precipitate Distribution ............................................... 102
4.2.1 SPP Distribution in Zry-4 ..................................................... 102
4.2.2 SPP Distribution in M5 ........................................................ 105
4.3 Fe-Hydride Synergy.......................................................................... 105
Chapter 5: Conclusion …...……………………………………………...……..... 109
5.1 General Conclusions ......................................................................... 109
5.2 Conclusions for Zry-4 ....................................................................... 109
5.3 Conclusions for M5 .......................................................................... 110
Chapter 6: Future Work ...................................................................................... 112
References ......................................................................................................... 113
Appendix ………………………………………………………………………… 121
Vita ..................................................................................................................... 122

vii

List of Tables
Table1: Common SPPs found in Zirconium alloy cladding……………….…………………….11
Table 2: Zirconium hydride phases and their corresponding parameters. Note all parameters are
given at room temperature. …………………………………………………………………...... 22
Table 3: Spent fuel cladding characteristics for all 5 rods used in this work. ………………… 43
Table 4: Alloying composition percentages for each zirconium alloy type. ……………………43
Table 5: Testing parameters for hydride reorientation tests. ……………………………………57

viii

List of Figures
Figure 1: (a) The low temperature alpha () phase forms a Hexagonal Close Packed (HCP)
crystal structure. (b) The high temperature beta () phase forms a Body Centered Cubic (BCC)
crystal structure. (c) Shows the interstitial sites of hydrogen in the zirconium matrix. …………3
Figure 2: Zirconium alloy development history and composition. ……………………………...4
Figure 3: Schematic of processing steps of zirconium alloy cladding. ………………………….6
Figure 4: Orientation of basal poles in zirconium alloy cladding. ………………………………7
Figure 5: Stereographic projection of texture for typical cold worked Zircaloy cladding tube,
(0002) direct pole figure. ……………………………………………………………………...…7
Figure 6: Grain structure of a) RXA Zr-4 and b) SRA Zr-4 for various annealing times at 650°C.
……………………………………………………………………………………………………9
Figure 7: Micrograph of typical (A) RXA tubing showing equiaxed grains and uniformly
distributed second phase particles (SPPs) and (B) SRA showing distorted grains after 70%
coldwork. Zircaloy-4, polarized light, about 1000X. ……………………………………………12
Figure 8: Schematic of SPP dissolution and solute redistribution for small SPPs in Zircaloy-2
irradiated near 300ºC. …………………………………………………………………………...15
Figure 9: A) Effect of alloying elements forming intermetallic precipitates and their influence in
hydrogen uptake percentage. B) Effect of Niobium on HPUF of binary Zr-Nb alloys degassed
water under static conditions at 350ºC after 750 days. C) HPUF in different Zr alloys exposed to
343ºC degassed water under static conditions for 575 days. ……………………………………17
Figure 10: Collection of data showing the terminal solid solubility for dissolution (TSSd) and for
precipitation (TSSp). …………………………………………………………………………….20
Figure 11: Zirconium-hydrogen binary phase diagrams illustrating two possibilities for the
stability of 𝛿 and 𝛾 phases. ……………………………………………………………………..22
Figure 12: (A) Schematic of macroscopic delta hydride stack 14.7º from basal pole. (B) Hydride
platelet parallel to the (0002) basal plane. ……………………………………………………...24
Figure 13: Hydride rim formation (above) and hydride blister formation (below). ……………26
Figure 14: Differnces in hydride concentration and distribution through the cladding adjacent to
the center of the fuel pellet compared to the cooler pellet gap centerline. ……………………..27
Figure 15: DBTT for high burnup M5 after HRT. ……………………………………………..29
ix

Figure 16: DBTT for high burnup ZIRLO after HRT. ………………………………………...30
Figure 17: DBTT for Zr-4 after HRT. …………………………………………………………31
Figure 18: (A) The effect of hoop stress and temperature on reorientation behavior. (B) The
effect of solution temperature on the during a constant hoop stress. ……………………….....35
Figure 19: (a) Percentages and (b) average lengths of precipitated radial hydrides depending on
cooling rate. ……………………………………………………………………………………35
Figure 20: Effect of cycle number on radial hydride fraction in unirradiated Zr-4. …………..37
Figure 21: Effect of thermocycling on hydride reorientation for cladding specimens of various
hydride concentrations for solution temperature of 400ºC and hoop stress 160 MPa. ……….38
Figure 22: Effect of hydrogen concentration on thermocycling for a solution temperature of
400ºC in SRA Zry-4 cladding. ………………………………………………………………..38
Figure 23: MET sectioning of a spent fuel rod on the low speed diamond saw at station 1 of the
hot cell in IFEL. ………………………………………………………………………………45
Figure 24: Fuel leaching system used for fuel removal on the ends of each simulated HRT
segment. ………………………………………………………………………………………47
Figure 25: (a) Defueled specimen ready for subsequent direct boils. (b) Dissolution column
setup. …………………………………………………………………………………………48
Figure 26: Images (A) and (B) show the lathe setup for oxide removal. Images (C) and (D) show
the cladding before and after oxide removal. ………………………………………………...49
Figure 27: Fuel cladding with inner oxide and fuel removed after reaming process. ………..51
Figure 28: Schematic of end plugs showing (a) the entire fuel segment and (b) the open nose end
plug. …………………………………………………………………………………………..52
Figure 29: Hydride reorientation orbital welder. ……………………………………………..54
Figure 30: Test train assembly for hydride reorientation test. (A) shows full test train with sample
TC attached and (B) shows test completed test train with stainless-steel TC attached. ……...55
Figure 31: SATS setup for M5 sample 651E1. ……………………………………………….56
Figure 32: (a) Full view micrograph of the de-fueled As-Irradiated LBU Zry-4 sample. (b) 300X
view of As-Irradiated LBU Zry-4 showing circumferential hydrides along the ID and OD of the
clad……………………………………………………………………………………………..61

x

Figure 33: TKD phase and orientation maps showing inter-granular, intra-granular, and transgranular 𝛿-hydrides in the As-Irradiated LBU Zry-4 sample.…………………………………...62
Figure 34: EELS map of As-Irradiated LBU Zry-4 showing the hydride (green) in the Zry-4
matrix (red). The low-loss EELS spectra reveal a shift in the plasmon peak from ~16.5 eV in the
𝛼-matrix to 18.4 eV in the 𝛿-hydrides…...………………………………………………………63
Figure 35: (a) HAADF image of the hydrides in the As-Irradiated LBU Zry-4 sample outlined in
green. (b) The diffraction pattern of the hydride looking through the [14̅1] FCC zone axis
confirm the 𝛿-hydride phase.
…...…………………………………………………………………………………..…………...65
Figure 36: STEM EDS mapping of Fe diffusing out of the Laves phase precipitate and forming
an Fe-rich precipitate near the hydride. …...………………………………………………….....66
Figure 37: The HAADF overlay and linescan of the laves phase precipitate in As-Irradiated LBU
Zry-4 shows that it is Cr-rich (~30 at.% Cr, ~8 at.% Fe) and appears to have Fe depleting to the
hydride. …...…………………………………………………………………………………......67
Figure 38: HAADF, DF4, and BF images of the amorphous Laves phase precipitate. The
diffraction pattern shows that this precipitate has become amorphous. …...…………..……......68
Figure 39: (a) Stitched micrograph of As-Irradiated HBU Zry-4. (b) and (c) showing 300x image
revealing high hydride concentration of circumferential hydrides increasing from the midplane to
the cladding OD with a somewhat denuded hydride zone from the midplane to the cladding
ID………………………………………………………………………………………………...70
Figure 40: TKD phase and orientation maps showing inter-granular, intra-granular, and transgranular 𝛿-hydrides in the As-Irradiated HBU Zry-4 sample……………………………………71
Figure 41: As-Irradiated HBU Zry-4 HAADF TEM images (a) showing circumferential interand trans-granular hydride stacks with diffraction pattern (b) proving to be an FCC 𝛿-hydride. A
laves phase precipitate is also found approximately 0.5 𝜇m from a trans-granular……………..72
Figure 42: Bright Field image of a hydride in the As-Irradiated HBU Zr-4 sample that is tilted on
zone reveals several c-loops near the hydride and Fe-rich precipitate. S/TEM EDS map of the
Fe-rich precipitate is given in appendix 1A……………………………………………………...72
Figure 43: Elemental mapping showing a homogeneous distribution of Fe, Cr, and Sn
surrounding the circumferential hydride in As-Irradiated HBU Zry-4 sample………………….73
Figure 44: Laves Phase precipitate in As-Irradiated HBU Zry-4 sample near the hydride in
Figure 41 (a) diffraction pattern indicating amorphization, (b) EDS line-scan indicating ~43 at%
Cr and ~10at% Fe, (c) elemental mapping of precipitate………………………………………..74

xi

Figure 45: Pair of Laves Phase precipitates in As-Irradiated HBU Zry-4 sample near the hydride
(a) diffraction pattern of the larger precipitate indicating amorphization, (b) EDS line-scan of the
larger precipitate indicating ~24 at.% Cr, ~4 at.% Fe, (c) elemental mapping of precipitates…..75
Figure 46: HRT profiles for samples (a) HBU Zry-4 sample 607D4C with peak temperature
400ºC and a hoop stress of 140 MPa, (b) HBU M5 sample 651E7 with a peak temperature of
400ºC and a hoop stress of 90 MPa, and (c) HBU M5 sample 651E1 with a peak temperature of
400ºC and a hoop stress of 140 MPa…………………………………………………………….77
Figure 47: Micrograph of the HBU Zry-4 cladding (a) before hydride reorientation treatment. (b)
Circumferential hydrides are shown in increasing density from the midplane to the cladding ID
in the 300X micrograph. (c) Depicts the cladding after hydride reorientation treatments, where
(d) radial hydrides are shown to increase in length from the high hydride concentration in the OD
to the low concentration of the ID……………………………………………………………….78
Figure 48: TKD phase and orientation maps showing several inter-granular, intra-granular, and
trans-granular radial 𝛿-hydride platelets in the HRT HBU Zry-4 Lamella
#1……………………………………………………………………………………….………...80
Figure 49: (a) HAADF image of radial hydrides in the HRT HBU Zry-4 Lamella #1. (b) The
diffraction pattern confirms that these are FCC 𝛿-hydrides……………………………………..81
Figure 50: HAADF overlay image showing the large Laves phase precipitate and Fe-rich
clusters. The EDS line-scan of the Laves phase precipitate shows that it is Cr-rich (33 at.% Cr, 6
at.% Fe)…………………………………………………………………………………………..82
Figure 51: Fe-rich cluster near hydride in Lamella #1 showing that it is an ZrFe2 type Fe cluster.
The EDS line-scan shows it has a 9:1 Fe:Sn composition with <1% Cr……………………...…83
Figure 52: The Galaxy Laves-type precipitate in Lamella #1 in HRT HBU Zry-4 sample. The
EDS line-scan shows that it is a Cr-rich (4.5 at.% Cr, 2.5 at.% Fe, 1 at.% Sn)………………….84
Figure 53: Lamella #2 HRT HBU Zry-4 HAADF TEM images (a) showing a radial hydride
stacks with a diffraction pattern (b) proving to be an FCC delta hydride………………………..86
Figure 54: Elemental mapping of the radial hydride in Lamella #2 of HRT HBU Zry-4 where the
largest Fe-rich precipitate is pinned near the highest concentration of hydrogen and needle-like
Fe-rich precipitates are shown intermingled with the hydride split……………………………. .87
Figure 55: (a) Elemental map overlay of large Fe-rich precipitate near the highest concentration
of radial hydride platelet (b) diffraction pattern looking through the [114] zone axis indicates that
it is a ZrFe2 phase precipitate, and (c) the EDS line-scan indicates that there is a 17:1 Fe:Sn ratio
with <1% Cr……………………………………………………………………………………...88

xii

Figure 56: (a) Elemental map overlay of needle-like Fe-rich precipitates that intermingle with the
hydride along the [0002] basal plane, [112̅0] perpendicular plane, and [101̅0]. (b) The EDS linescan indicates that there is a 7:1 Fe:Sn ratio……………………………………………………..88
Figure 57: (a) Micrograph of HRT HBU M5 sample 651E1 (140 MPa hoop stress) and (b) at
300X showing a uniform mix of radial and circumferential hydrides……………………..…….89
Figure 58: TKD phase and orientation maps showing two intra-granular and one trans-granular
radial δ-hydride platelets in the HRT HBU M5………………………………………………….91
Figure 59: EELS map of HRT HBU M5 showing the hydrides (green) in and the matrix (red).
The low-loss EELS spectra show a shift in the plasmon peak from ~16.5 eV in the α-matrix to
18.9 eV in the δ-hydrides. The DF4 image is given for reference………………………………92
Figure 60: Bright Field TEM image of the trans-granular hydride in the [1 2̅ 1 ̅0] oriented grain.
<a> and <c>-type loops can be found on either side of the hydride with a very large (>200 nm)
<c>-loop relatively close to the hydride. The SAED diffraction pattern of the hydride shows its
FCC nature, thus confirming the δ-hydride phase………………………………………………93
Figure 61: The Bright Field image reveals several dislocations and precipitates in the hydride
grain. The corresponding elemental maps show that the precipitates are Nb-rich. Fe seems to
have a low enrichment of the Nb-rich precipitates and seems to somewhat enrich the grain
boundary…………………………………………………………………………………………94
Figure 62:The EDS elemental maps and corresponding line scans show a very small Fe
enrichment of the precipitate, although most of the Fe has depleted. The diffraction pattern
confirms that this is a Zr(NbFe)2 precipitate in the [112 ̅0] zone axis. The FCC hydride is also
seen in the diffraction pattern in the [110] zone axis……………………………………………95
Figure 63: Principal Component analysis maps confirm the low Fe enrichment of the Zr(NbFe)2
precipitate………………………………………………………………………………………..96
Figure 64: Nb precipitates in a non-hydride grain. Elemental mapping reveals a relatively
uniform dispersion of Nb precipitates with varying sizes, and a uniform dispersion of Fe and Cr
solutes. The EDS line scan shows that these Nb precipitates are not Fe enriched. The diffraction
pattern through the [2 ̅113] matrix Zone Axis and the [3(11) ]̅ Nb Zone Axis shows that these
precipitates are of the BCC β-Nb type…………………………………………………………..98
Figure 66: Laves phase Zr(Fe,Cr)2 precipitate showing needle-like depletion after neutron
irradiation at 580 K to a fluence of 8 x 1025 n m-2 and annealing at 875 K for 1 h: (a) as
irradiated; (b) annealed.[99]……………………………………………………………………104
Figure 65: High burnup (63 GWd/MTU) M5 cladding after a 1-cycle RHT of 140 MPa with a
peak temperature of 400ºC and cooling rate of 5ºC/hr.[71]……………………………………104

xiii

Figure 66: Schematic of the preferential nucleation and growth of a radial hydride near Fe
precipitates during hydride reorientation conditions…………………………………………...107

xiv

List of Abbreviations
Abbreviation

Description

BCC
DAD
DBTT
DHC
DSC
EBSD
EDS
FCC
FCT
FIB
HAADF
HCP
HRT
ID
IFEL
LAMDA

Body Centered Cubic
Diffusional Anisotropy Difference
Ductile to Brittle Transition
Delayed Hydride Cracking
Dynamic Scanning Calorimetry
Electron Backscatter Diffraction
Energy-Dispersive X-ray Spectroscopy
Face Centered Cubic
Face Centered Tetragonal
Focused Ion Beam
High-Angle Annular Dark-Field
Hexagonal Close Packed
Hydride Reorientation Treatment
Inner Diameter
Irradiated Fuels Examination Laboratory
Low Activation Materials Design and
Analysis
Liquid Nitrogen
Metallography
Nuclear Regulatory Commission
Outer Diameter
Pellet Cladding Mechanical Interaction
Pressurized Water Reactor
Radial Hydride Fraction
Recrystallized Anneal
Severe Accident Test Station
Self-Interstitial Atom
Second Phase Precipitate
Stress Relieved Anneal
Scanning/ Transmission Electron Microscopy
Thermocouple
Transmission Electron Microscopy
Terminal Solid Solubility

LN2
MET
NRC
OD
PCMI
PWR
RHF
RXA
SATS
SIA
SPP
SRA
S/TEM
TC
TEM
TSS

xv

Chapter 1: Introduction and Background
1.1 Zirconium Based-Alloys for Nuclear Fuel Cladding
1.1.1 History and Background
The core of a nuclear reactor in a Pressurized Water Reactor (PWR) system is comprised of a
group of fuel assemblies that are surrounded by a moderating water chemistry. Each fuel
assembly is made up of fuel rods which contain nuclear fuel in the form of uranium dioxide
(UO2) pellets. The nuclear fuel rod cladding, which encapsulates the fuel pellets, serves as the
first barrier for the retention of fission products while also allowing neutrons to flow back and
forth between fuel rods and fuel assemblies to sustain a stable nuclear reaction. Zirconium alloys
have been the predominant materials used for nuclear fuel cladding for over 60 years due to their
low capture cross section to thermal neutrons (0.185 barns for 0.0253 eV neutrons) and their
relatively good corrosion resistance. However, because these alloys are exposed to cladding
temperatures up to 400℃ and coolant pressures up to 15.5 MPa for extended periods of time, the
effects of radiation, corrosion, and their coupling on cladding performance become extremely
important to the safety of reactor operation and fuel storage.
Zirconium metal was originally discovered in the naturally occurring ore zircon, which
contained a significant hafnium impurity with a thermal neutron capture cross section over 600
times that of zirconium.[1] This property stunted much of the advancement of zirconium for any
nuclear applications until the 1950s. However, through the processes of Arkel and Kroll, a more
pure form of zirconium metal was developed that removed much of the hafnium impurity. These
processed unveiled zirconium’s potential for nuclear applications due to its lower neutron cross
section and corrosion resistance making it a much more attractive option than its stainless-steel
predecessor [2, 3].

1.1.2 Crystal Structure of Zirconium
Zirconium metal in its pure form displays two allotropic configurations in solid state and
atmospheric pressure: a low temperature alpha () phase and a high temperature beta () phase.
As shown in Figure 1, the alpha phase forms a Hexagonal Close Packed (HCP) crystal structure
that is stable up to 862C. Above 862C, the beta phase forms a Body Centered Cubic (BCC)
crystal structure that is stable up to the melting temperature of 1860C.[4] For nuclear
applications, the -phase is the preferred allotrope at reactor operating conditions because of its
1

complex slip system that enhances its structural integrity. During this phase, 〈𝑎〉 prism slip
usually occurs on the {101̅0} planes in the 〈112̅0〉 direction, and 〈𝑎〉 basal slip occurs in the
{0001} planes in the 〈112̅0〉 direction. Slip can also in the 〈𝑎〉 direction in regions of high
stress, such as grain boundaries, along the {101̅1} planes. Twinning can also occur in the
〈0001〉 direction. Under tension it occurs on the {101̅2} and {112̅1} planes, and under
compression on the {112̅2} planes.[5]

1.1.3 Alloying Elements
Due to the harsh environment of reactor conditions, a more robust form of zirconium
cladding needed to be developed. Elements that might be used to alloy the zirconium metal can
be separated into  and  stabilizers. Alloying elements that expand the → transformation
temperature and act to stabilize the -phase include O, Sn, C, N, Al, and S. Alloying elements
that decrease the → transformation temperature and act to stabilize the -phase include Fe,
Nb, Ni, Cr, Cu, Br, Y, Mo, Gd, V, Si, and H.[5] In addition to stabilizing these two allotropes,
these elements can be used to enhance other favorable properties for nuclear applications. To
improve corrosion resistance and mechanical properties of the zirconium cladding, alloying
elements such as tin, iron, chromium, and nickel were introduced at varying amounts to the
zirconium matrix to produce Zircaloy-1, Zircaloy-2, Zircaloy-3, and Zircaloy-4. Tin was shown
to reduce the effect of nitrogen and increase the corrosion resistance whereas nickel, found in
Zircaloy-2 and Zircaloy-3 was shown to enhance the hydrogen pickup (an undesirable trait).
Chromium was shown to increase corrosion resistance, but also increased the hardness of the
zircaloy, and iron has been shown to possibly stabilize hydride precipitation.[6, 7] Since the
1980s, the addition of niobium in Russian alloys E110, E125, and E635 as well as commercially
used American alloys ZIRLO, M5, OPT ZIRLO, and X5A has been shown to improve corrosion
resistance and increase alloy strength. A summary of the alloying history is given in Figure 2.[6]

1.1.4 Processing of Zirconium-based Alloys
The fabrication process of zirconium alloys can be divided into three major stages.[5] The
first stage, as mentioned above, involves obtaining a high purity zirconium from the zircon ore.
This process can be achieved by either carbochlorination (US and France), fluorosilicate fusion
(Russia), or alkali fusion (India). The hafnium impurity is then most commonly reduced using
2

Figure 1: (a) The low temperature alpha () phase forms a Hexagonal Close Packed (HCP) crystal structure. (b)
The high temperature beta () phase forms a Body Centered Cubic (BCC) crystal structure. (c) Shows the interstitial
sites of hydrogen in the zirconium matrix.

3

Figure 2: Zirconium alloy development history and composition.[6]

4

the Kroll process in which the metal is chlorinated to zirconium tetrachloride and then reduced
by magnesium to a sponge zirconium. The second stage involves alloying the sponge zirconium
with high purity alloying elements. This process, shown in Figure 3, involves a series of
blending, welding, melting, and forging. The zirconium alloy ingot will go through two to four
melts to decrease volatile impurities such as chlorine, as well as achieve a uniform chemical
composition. Third and fourth melts for zircaloy rods were not in practice until the late 1990s
[5].
The third step of deformation during processing of these zirconium alloys is important
for creating texture within the alloy system. This stage of processing is necessary to align grain
orientations and form desired grain size and distribution with the intention of improving strength
and ductility. While mechanical anisotropy can change during the lifetime of the zirconium rod
in the reactor due to temperature and irradiation, the crystallographic anisotropy that results from
deformation processes is relatively unaffected by irradiation, and only changes locally during the
service lifetime. The deformation processes are dictated by several different degrees of thermomechanical treatment methods including hot work, cold work, and annealing that yield a
directionally dependent anisotropic texture in the zircaloys. This texturing of the grain
orientation, shown in Figure 4, influences many properties of cladding including deformation,
hydride orientation, irradiation growth, and creep. The pilgering or rolling direction is
designated as the longitudinal direction, which is perpendicular to the normal direction. The
remaining direction is the transverse or hoop direction that is along the circumference of the clad
tubing. The angle (φ) between the basal poles of the grains and the normal direction is typically
30-40 along the transverse direction for most zircaloys.[8] This preferred orientation is shown
in Figure 5, where the stereographic projection for typical zircaloys has a maximum intensity of
basal poles approximately 30 from the normal (radial) direction.[9] This type of favorable
texture provides the cladding with adequate hoop strength during prolonged reactor operation, as
well as a preferred circumferential precipitation of hydrides that will be discussed in detail in the
later sections of this thesis.

5

Figure 3: Schematic of processing steps of zirconium alloy cladding.[5]
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Figure 4: Orientation of basal poles in zirconium alloy cladding.

Figure 5: Stereographic projection of texture for typical cold worked Zircaloy cladding tube, (0002) direct pole
figure.[9]
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Hot work is performed during deformation processes that occur above 600C and sometimes
above phase change boundaries, such as ingot hot pressing and forging that occur in the beta
phase. At these higher temperatures continuous recrystallization occurs. Most hot work is
followed by cold work such as the extrusion process that is followed by cold pilgering and cold
drawing.
Cold work is carried out through deformation processes that occur at temperatures below
400°C in the form of pilgering, in which the reduction of the tube diameter and thickness occurs,
or in the form of cold rolling, in which the reduction of the plate thickness occurs. In practice,
this deformation temperature occurs at room temperature where dislocation densities rapidly
increase and cracking begins to occur above 70-80% of cold work (reduction of area).[5] For
this reason, annealing treatments become mandatory to restore ductility in between cold working
deformations.[10] For a fully recrystallized anneal (RXA) of the alloy, the annealing
temperature is conducted around 500-700°C, where the resultant microstructure has an equiaxed
grain structure with intra- and inter-granular precipitates. This type of annealing treatment is
found in Nb-containing alloys such as M5. However, for some zirconium alloy rods such as Zry4, the final annealing treatment is reduced to avoid full recrystallization. This type of annealing
process is called a stress relieved annealed (SRA) state in which the alloy maintains a moderate
dislocation density and has characteristically elongated grain structure. Typical microstructures
of these grain structures after 20% cold work are shown in Figure 6.[11]

1.1.5 Second Phase Precipitates
Throughout these processes second phase precipitates (SPPs) can form depending on the
composition, cooling rates, and annealing treatments. Transition metals in particular such as Fe,
Cr, Ni, V, and Cu tend to form SPPs in zircaloys because of low solubility (120-200 wt. ppm) in
the alpha phase. These form intermetallic SPPs such as “Laves phase” ZrCr 2, Zr(Fe,Cr)2,
Zr(Fe,V)2 (with lattice parameters a0.5 and c0.83), tetragonal “Zintl phase” Zr2(Fe,Ni) (with
lattice parameters a0.65 and c0.55), orthorhombic Zr2Fe (with lattice parameters a0.33,
b1.1, and c0.88), and cubic Zr3Fe (with lattice parameters a0.68 and c0.53). Whether these
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Figure 6: Grain structure of a) RXA Zry-4 and b) SRA Zry-4 for various annealing times at 650°C [11]
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SPPs form depend on the Fe/Cr ratios present in the alloy. For Fe/Cr ratio <2-4, the hexagonal
Zr(Fe,Ni,V)2 and tetragonal Zr2(Fe,Ni) are formed. For Fe/Cr ratios >2-4, “Zintl phase”
Zr2(FeNi) and cubic Zr3Fe are formed. Garzarolli claims that at Fe/Cr ratios <4, the most
common SPPs are of the Zr(Fe,Cr)2-type, whereas zircaloys with Fe/Cr ratios >4 (with medium
or slow cooling in the + range) include Zr2Fe and Zr3Fe in addition to the Laves phase.[12]
In Nb containing alloys such as ZIRLO and M5, -Nb precipitates and hexagonal Zr-Nb-Fe
precipitates have been observed in the form of Zr(NbCrFe) 2 (with lattice parameters a=0.54nm
and c=0.87nm).[13] Other precipitates such as the (ZrNb)2-3(FeCr) have a composition and
crystal structure that is still debated.[14, 15, 16, 17] A summary of common SPPs with their
corresponding alloy is given in Table 1.[18]
The size of these SPPs influence the corrosion rate of the alloys and their coarsening is
dictated by the annealing processes. For larger precipitates (diameter >0.2 m), such as those
preferred in PWRs, an early beta quench is required. Smaller (diameter <0.1 m) finely
distributed precipitates, such as those that help localized corrosion in BWRs, require a late beta
quench to prevent coarsening.
As mentioned above, the final annealing steps of the material processing control the
microstructure of the grains and the dispersion of their precipitates. Figure 7 shows the
difference between the uniformly distributed SPPs in the fully recrystallized RXA zircaloy and
the less uniformly dispersed SPPs in the basket weave structure of the SRA zircaloy.[19]

1.1.6 Irradiation Effects in the Zirconium Alloy Matrix
In addition to strength and corrosion resistance, the processing techniques and the type of
alloying elements in zirconium cladding have large implications on performance during
irradiation. Under normal operating conditions, point defects that escape immediate
recombination can migrate to new sinks causing an accumulation of defects, vacancies, or
interstitials that give rise to microstructural changes.
One result of this accumulation of defects is the dislocation loop. Because of its unique
hexagonal close packed (HCP) structure and its low stacking fault energy, radiation in zirconium
and zirconium alloys produces a high concentration of point defects. Literature suggests that
there is a diffusional anisotropy difference (DAD) where vacancy migration is considered to be
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Table1: Common SPPs found in Zirconium alloy cladding.[18]
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A

B

Figure 7: Micrograph of typical (A) RXA tubing showing equiaxed grains and uniformly distributed second
phase particles (SPPs) and (B) SRA showing distorted grains after 70% coldwork. Zircaloy-4, polarized light, about
1000X.[19]
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slightly anisotropic and self-interstitial atoms (SIA) migration is considered to be significantly
anisotropic.[20] This DAD suggests that SIAs have a high mobility along the basal plane where
grain boundaries perpendicular to the basal plane absorb more SIAs than vacancies and grain
boundaries parallel to the basal plane absorb more vacancies than SIAs. This phenomenon leads
to an expansion in the <a> direction and a contraction in the <c> direction. These point defect
formations lead to two major dislocations known as <a> type dislocation loops and <c> type
dislocation loops.[21]
For cold-worked stress relieved zirconium alloys, the high density of dislocations already
present serve as efficient sinks for defects resulting in comparably less effected dislocation
structure. However, for RXA alloys such as M5 that have a low density of dislocations, point
defects are in excess and are able to accumulate to form <a> type dislocation loops with 𝑏⃗ =

1
3

<

112̅0 >. Zirconium and its alloys are unique in that the formation of <a> type dislocation loops
on the prism plane consist of both vacancy and interstitial loops in the <a> direction.[22] <a>
type dislocation loops were the first loop formation observed in Zircaloy-2 alloys by Northwood
et al. They observed that dislocation loop density decreases, and loop size increases with
increasing temperature,[23] however loops become unstable above 673K.[24] These type
dislocation loops were also discovered to increase with fluence, but quickly saturate around 1-2 x
1021 n/m2 at ~540K and have been observed to form in all zirconium alloys.[24]
The formation of <c> type dislocation loops lead to what is referred to as breakaway
growth.[25] They were first observed on edge using TEM by Bell and Adamson in 1975, and
referred to as “corduroy structure”.[21] Unlike <a> loops, <c> loops in Zircaloy-2 and Zircaloy4 have only been observed to nucleate at higher fluences greater than 3.0 x 1021 n/m2.[24] The
<c> loop is strictly vacancy-type and forms on the basal plane with Burgers vectors 𝑏⃗ =
0001 > or 𝑏⃗ =

1
6

1
2

<

< 202̅3 > in the <c> direction.[21] Once they are nucleated, these loops

increase with increasing fluence for the remainder of the fuel cycle and are found to be
thermally stable to temperatures above 833K. This type of defect is believed to greatly impact
irradiation growth, irradiation creep, and possibly influence hydrogen terminal solid
solubility,[24] however, literature suggests they may not readily form in Nb containing
alloys.[26]
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Another effect irradiation can have in zirconium alloys is the amorphization and
dissolution of the SPPs. Under normal reactor conditions, irradiation-induced defects cause
several of these precipitates to amorphize and redistribute within the zirconium matrix.[27] The
rate of amorphization, however, is dependent on the irradiation temperature, neutron flux, SPP
chemistry, and SPP size. One of the most interesting effects of amorphization is to the Laves
(ZrCr2, Zr(Fe,Cr)2, Zr(Fe,V)2, and Zintl phase (Zr2(Fe,Ni)) precipitates in the zircaloys. For
example, Zr(Fe,Cr)2 and Zr2(Fe,Ni) readily undergo amorphization near 373K, but at 573K only
Zr(Fe,Cr)2 becomes partially amorphous having developed a “duplex” structure. This duplex
structure consists of an amorphous gradient that starts at the precipitate/matrix interface and
gradually moves into the precipitate until it is completely amorphous.[10] Amorphization in this
case is associated with the depletion of Fe from amorphous layer into the zirconium matrix,
while leaving behind the Cr concentration of the precipitate.
As SPPs become amorphous, dissolution of their elements enrich the zirconium matrix
and create point defects that can detrimentally affect cladding properties. A schematic of SPP
dissolution and solute segregation is shown in Figure 8.[26] Fe dissolution into the matrix, such
is found in the Laves and Zintl cases, has been a large focus in the literature due to its interaction
with point defects and relatively fast migration through the zirconium matrix. In Zr-Nb alloys,
β-Nb and Zr(Nb,Fe)2 are stable above 603K, but at 333K Zr(Nb,Fe)2 becomes amorphous at high
fluences. Shishov et al. showed that although β-Nb nor Zr(Nb,Fe) 2 become amorphous at
normal operating temperatures of pressure water reactors (PWRs), a dissolution Zr(Nb,Fe)2 can
still occur at moderate burnups and the precipitate loses most of its iron to the zirconium
matrix.[13]

1.2 Zirconium Hydrides in Nuclear Fuel Cladding
1.2.1 Hydrogen Pickup
As mentioned in section 1.1.1, the zirconium alloy cladding is in direct contact with both
the fuel and moderating water. While the nuclear reaction proceeds during normal operation,
cladding temperatures reach around 290℃ to 400℃[28, 29], resulting in waterside corrosion of
the cladding’s outer wall via the reaction:
Zr + H2O → ZrO2 + 4H
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Eq. 1-1

Figure 8: Schematic of SPP dissolution and solute redistribution for small SPPs in Zircaloy-2 irradiated near 300ºC
[26]
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During this reaction, oxidation of the cladding enables a fractional absorption of hydrogen into
the zirconium matrix called the hydrogen pickup fraction, 𝑓𝐻 .[30, 31]
𝑓𝐻 =

H absorbed in the cladding

Eq. 1-2

H generated by corrosion

The pickup fraction, 𝑓𝐻 , varies from alloy to alloy, as shown in Figure 9,[32, 33, 34] and
although the total amount of hydrogen absorbed is proportional to the oxide thickness, the exact
function of this mechanism is not yet resolved. Research has identified, however, that factors
such as microstructure, alloying composition and SPPs, coolant chemistry, and average burnup
play major roles in hydrogen absorption. For example, Nb-containing alloys have shown to
significantly lower hydrogen pickup, while Ni-containing alloys have been shown to have higher
pickup fractions. Corrosion time and corrosion temperature also heavily influence the hydrogen
pickup behavior.
Once hydrogen pickup occurs, the hydrogen concentration steadily increases in the
cladding as the corrosion reaction proceeds. Since hydrogen is quite mobile, it is driven by
concentration, stress, and temperature where it will proceed to diffuse into the cladding
according to the following equations [35]:

𝐽= −
where

𝐷𝐶𝑥
𝑅𝑇

[𝑅𝑇 (

𝑑 ln 𝐶𝑥
𝑑𝑥

)+

𝑄 ∗ 𝑑𝑇
𝑇 𝑑𝑥

−

𝑉 ∗ 𝑑𝜎
3 𝑑𝑥

] Eq. 1-3

𝐽 = Hydrogen atom flux in the metal
𝐷 = Diffusion coefficient for hydrogen as defined in 𝐸𝑞. 1 − 4
mol

𝐶𝑥 = Total local hydrogen concentration at point x ( m3 )
𝑅 = Ideal gas constant (𝑅 = 8.3144
𝑄∗ = Heat of transport (

Kcal
mol

m2 𝑘𝑔
𝑠2

𝐾 𝑚𝑜𝑙

)

)

𝑉 ∗ = Transport volume of hydrogen in the metal
𝜎 = Stress
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Figure 9: A) Effect of alloying elements forming intermetallic precipitates and their influence in hydrogen uptake
percentage.[32] B) Effect of Niobium on HPUF of binary Zr-Nb alloys degassed water under static conditions at
350ºC after 750 days.[33] C) HPUF in different Zr alloys exposed to 343ºC degassed water under static conditions
for 575 days.[34]
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and D is defined as:
𝐷 = 𝐷0 𝑒 (−𝑄

∗ ⁄𝑅𝑇 )

Eq. 1-4

𝐷0 = Limiting diffusion coefficient obtained at high temperature

where

𝑇 = Absolute temperature (K)
According to the Eq. 1-3, hydrogen will diffuse towards the cooler cladding outer surface,
obeying the Soret effect, as well as being driven to the cladding inner diameter, obeying Fick’s
law.[36]
1.2.2 Zirconium Hydride Precipitation and Dissolution
The aforementioned absorbed fraction of hydrogen in solid solution increases with
increasing reactor operation and radiation exposure until it reaches its terminal solid solubility
(TSS) limit, shown in Figure 10.[37] Once this limit is exceeded, zirconium hydride precipitation
occurs via the reaction:[8, 38, 39]
Zr +2H → ZrH2-x
TSS behaves differently during precipitation (TSSp) than it does during dissolution (TSSd). The
thermal history dependent path forms a hysteresis curve in which the cooling of the nuclear fuel
cladding causes hydride precipitation to occur at a lower temperature than the hydride
dissolution temperature upon heating. This can be explained by the kinetically driven behavior
of hydrogen during TSSp, where the cladding must accommodate a local lattice expansion as
hydrogen goes from solid solution to a nucleated hydride. This is not the case for dissolution,
where the thermodynamically driven behavior of hydrogen during TSSd allows hydrogen to
readily release into solid solution upon heating. As temperature increases, these solubility limits
increase exponentially.
The phenomena of hydrogen behavior during TSS has provoked much of the early
research for zirconium cladding as its inherent brittleness in the form of a hydride stood in the
way of fuel assembly longevity.[40]. Because of hydrogen’s lower density relative to the
zirconium matrix, a misfit strain is produced by the nucleated hydride. Due to the complexity of
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the hydride allotrope and where these hydrides precipitate, the degree of misfit strain between
the two phases has been debated and evolved over time. Kearns, who used a density to volume
relational approach, approximated that a -hydride would precipitate with a misfit strain of
14.3%.[41] Carpenter, however, argued that the phase transformation that occurs in the
zirconium matrix when forming a zirconium-hydride along the basal plane should be accounted
for. He calculated a misfit strain value of 17.2%.[42] Through the modern studies of Une and
Singh, however, it can be concluded that this system is much more complex than the former
prescribed attempt of a single misfit strain between two phases in an inert environment, but
rather incorporating how that misfit strain changes with the varying temperatures that the
cladding experiences during reactor operation.[43, 44]
Cladding in a reactor undergoes a complex three-dimensional thermal state from the
temperature gradient that exists along the axial length of the fuel assembly as well as the radial
thermal gradient through the cladding thickness as the thermal energy is transferred from the fuel
to the cooler cladding outer diameter. These thermal changes can greatly affect the ability of
hydrogen to overcome the energy required to generate the elastic strain and plastic deformation
required to form hydrides.
This thermal cycling throughout the cladding lifecycle can also affect the zirconium
hydrides with phenomena known as the “memory effect” and sympathetic nucleation. Cameron
et al [45] noted that in the event of total local hydrogen dissolution, the parent lattice expansion
that it once accommodated the dissolved hydride could act as a heterogeneous nucleation sites
for new hydrides if that lattice defect was undisturbed. This he called the “memory effect”,
whereby the hydride would remember the site it once accommodated. In the event that hydrogen
was “trapped”, and thus only partial dissolution occurred, Cox observed that undissolved
hydrogen acted as a nucleation site for new hydrides.[46, 47] This precipitation by association is
referred to as sympathetic nucleation.
Additionally, the work of McMinn and Vizcaino have attempted to further investigate
the kinetics of hydrogen during precipitation by studying the effects of hydride trapping during
TSS in irradiated specimens.[48, 49] As mentioned in section 1.1.6, radiation causes <a> and
<c> type dislocation loops to form in the cladding, as well as SPPs. Therefore, it has been
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Figure 10: Collection of data showing the terminal solid solubility for dissolution (TSSd) and for precipitation
(TSSp).[37]
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postulated that hydrogen is likely to interact with irradiation induced dislocation loops and the
dissolution of iron and chromium solutes.[24, 25, 28, 50, 51, 52] Only a fraction of hydrogen is
said to be influenced by these radiation effects on the order of 25 to 200 ppm. However, a
differentiation of whether it is soluble hydrogen, or the precipitated hydride has not been
concluded. Although this is not yet well understood, the possible occurrence of these
interactions or trap sites would greatly influence the terminal solid solubility and the phenomena
(memory effect or sympathetic nucleation) by which hydrides precipitate, whereby hydrogen
would not follow the “classic” TSSp and TSSd.

1.2.2 Zirconium Hydride Phases
Possible hydrogen solubility in the zirconium matrix is summarized in the temperaturecomposition diagrams shown in Figure 10.[53] Three main hydride phases are identified within
the 𝛼-𝛽 matrix: a stable 𝛿 phase, a metastable 𝛾 phase, and an 𝜀 phase, each of which have
different chemical compositions, crystal structures, morphologies, and orientations that are
summarized in Table 2. As seen from Figure 11, within the temperature ranges of a PWR system
the 𝛼 + 𝛿 phase occurs until the hydrogen concentration increases enough for the 𝛿-hydride to
become the sole stable phase, and as hydrogen saturates the zirconium matrix, it transitions to the
𝜀-hydride phase. There has been some controversy over the formation of the 𝛾 phase in
literature. Some studies suggest that the 𝛾 phase only appears during quenching the zirconium
clad [54], others suggest that they may only appear at concentrations above 640 wt.ppm [55],
Mishra et al suggest it is a resultant of a peritectoid reaction below 255ºC,[56] and Tunes et
al[57] claim that it is not a new phase at all but rather a variation of the 𝛿 phase. However,
during the normal lifetime of a zirconium alloy clad under normal operating conditions, the most
common phase for spent fuel cladding is the FCC 𝛿-hydride.

1.2.3 Zirconium Hydride Morphology and Microstructure
Hydride morphology and microstructure play a large role in the performance of
zirconium based nuclear fuel cladding. Due to technological advances in characterization
techniques, it is now well accepted that the large microscopic hydride precipitates are formed by
smaller hydride platelet stacks.[54, 60, 61, 62]. As discussed previously, it has been indicated
that the local lattice expansion that accompanies hydrides can act as a nucleation site for other
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Figure 11: Zirconium-hydrogen binary phase diagrams illustrating two possibilities for the stability of 𝛿 and 𝛾
phases [53]

Table 2: Zirconium hydride phases and their corresponding parameters. Note all parameters are given at
room temperature [54, 55, 57, 58]

Hydride
Phase

Chemical
Composition

Crystal
Structure

Morphology
and Habit
Planes
Platelets ∥
(0001) or
̅ 7)
(101

FCC
1.5≤ 𝑥 ≤1.7
a=0.478 nm

or

16.3-17.2%

(111)𝛿 ∥ (0001)𝛼
̅ 0]𝛾 ∥ [112
̅ 0]𝛼
[11

Typical: ZrH1.66
ZrHx

Volume
Change

̅ 0]𝛿 ∥ [112
̅ 0]𝛼
[11

ZrHx
𝛿 phase

Orientation with
respect to 𝜶-Zr

FCT
Needles ∥

𝛾 phase

1≤ 𝑥 ≤1.5

a=0.462 nm

or

12.3-15.7%

̅0 >
< 112
Typical: ZrH

(111)𝛾 ∥ (0001)𝛼

c=0.489 nm
FCT

ZrHx
𝜀 phase

1.7≤ 𝑥 ≤2
Typical: ZrH2

a=0.4880.502 nm
_

c=0.4570.436 nm
c/a=0.9350.865
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_

hydrides to stack and coalesce.[46, 63] This coalescence is represented in Figure 12, where it
can be seen that the habit plane of individual hydride platelets differs from the habit plane of the
macroscopic hydride stack.[64] The microscopic hydride platelets precipitate parallel to the
{0002} basal plane of the zirconium matrix, whereas the macroscopic hydride is parallel to the
{101̅7} plane that is oriented 14.7º from the basal pole.
Early research on hydride morphology indicated that hydrides preferred to precipitate
along grain boundaries. However, more recent research has shown that much of this depends on
the cooling rate and grain size of the cladding.[40, 63, 66, 67]. For high cooling rates or large
grain size, intra-granular hydride precipitation dominated, whereas low cooling rates and smaller
grain sizes yielded more inter-granular hydride domination with more hydride agglomeration. In
either case, however, the 𝛿-hydride platelets are observed to preferentially precipitate parallel to
(0001) or (101̅7) planes. [66, 67, 68, 69] Kumar et al claim that inter-granular hydrides tend to
precipitate along grains whose basal planes are closely oriented to the grain boundaries. Here
interfacial and grain boundary energy is minimal and demonstrates that strain energy is
significant in determining the nature of hydride precipitation.
Thermo-mechanical history and texture greatly influence the macro-hydride orientation.
For the stress-relieved conditions, such as Zircaloy-4, long circumferentially oriented macrohydrides are observed and inter-granular hydrides are likely found along the elongated grains.
However, in the fully recrystallized condition, such as M5, short hydride segments are observed
and both inter- and intra- granular hydrides are observed in the large equiaxed grains. A higher
fraction of radial hydrides has also been observed in the RXA condition than in the SRA.
While hydride platelets precipitate preferentially, the orientation of macro-hydride stacks
can be influenced greatly by applied stresses. In the absence of stress, the thermo-mechanical
history and texture dominate, and most macro-hydrides preferentially form in the circumferential
direction, as previously discussed. However, in the presence of enough stress during hydride
precipitation, some macroscopic hydrides may participate in hydride reorientation and radially
reorient. Hydride reorientation into habit planes aligned in radial directions, which will be
discussed in detail in section 1.3, can reduce ductility and detrimentally affect the performance of
the cladding.
In addition to thermo-mechanical history and texture, thermal gradients experienced by
the cladding can also influence hydride morphology. From section 1.2.2 we see that hydrogen
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Figure 12: (A) Schematic of macroscopic delta hydride stack 14.7º from basal pole. (B) Hydride platelet parallel to
the (0002) basal plane.[64, 65]
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solubility decreases with temperature. Therefore, when the cladding experiences a radial thermal
gradient during normal reactor operation, the cooler outer wall of the cladding will reach its
hydride solubility limit before the inner cladding wall. This can cause hydrides to preferentially
precipitate along the waterside surface. As hydride concentration increases, a hydride rim or
blister may form, depending on the local hydride flux and temperature gradient.[70, 71]
Temperature variations occur both azimuthally and axially throught the cladding, causing
differences in hydride distribution. Azimuthal variations, stemming from spalled oxides, flux
gradients, or fuel eccentricities can cause differences in hydride rim thickness and blister
morphology, shown in Figure 13. Axial variations occur both in the full scale of the rod, as well
as more locally between fuel pellets. As previously discussed, corrosion rates increase with
temperature, thus a greater flux of hydride concentration can be expected where temperatures are
higher, such as the portion of the fuel rod in the upper grid region. However, because of the
higher coolant temperatures, a movement of hydrogen from the upper region of the cladding to
the lower region could be expected. Local heat flux variations, such as colder interpellet regions,
can cause higher hydride accumulation than that of the mid-pellet region as shown in Figure
14.[72] These concentration differences can greatly affect cladding failure.

1.2.4 Mechanical Degradation of Zirconium-Based Spent Nuclear Fuel Cladding
The presence of brittle zirconium hydrides can detrimentally affect the mechanical
properties and degradation of nuclear fuel cladding during normal service life, accident
conditions, reactor shutdown, transportation, and long-term fuel storage.[63, 73, 74, 75, 76, 77,
78] Because of their lower fracture strength compared to the cladding matrix and the strain that
accompanies them, hydrides can be sites for fracture initiation and embrittlement and promote
crack propagation that leads to failure. It is useful to separate how this affects the mechanical
properties of the cladding such as tensile strength, fracture toughness, and ductility. However,
measuring these effects can prove to be quite difficult because of the synergistic effects of
hydrogen with its distribution, irradiation, temperature, and orientation of hydrides.
Studies on unirradiated Zircaloy-2 and Zircaloy-4 at room temperature showed that past a
critical point of hydride concentration (around 300-500 ppm) a rapid decrease in the ductility and
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Figure 13: Hydride rim formation (above) and hydride blister formation (below).[70, 71]
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Figure 14: Differnces in hydride concentration and distribution through the cladding adjacent to the center
of the fuel pellet compared to the cooler pellet gap centerline.[72]
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tensile strength occurs.[77, 78]. Work carried out by Arséne showed that there was actually an
increase in ductility at reactor operation temperature tests for the unirradiated cladding, where the
critical hydrogen concentration increased to 2000 ppm. Irradiated work carried out by the same
group showed that the critical hydrogen concentration dropped by more than a factor of two in
the irradiated condition.[79] Fracture toughness work carried out by Billone showed that this
problem can be even more complex when considering hydride distribution and orientation along
with irradiation and temperature, where the ductile to brittle transition temperature (DBTT)
changes from alloy to alloy at varying degrees of hydride orientation.[80] As illustrated in
Figures 15-17, we see that the presence of radially reoriented hydrides promote crack initiation
and crack growth if the temperature is low enough for the hydrides to form cracks.
One area of concern for brittle hydride concentration and crack propagation is during
thermal transients that occur during shutdowns or accident conditions. When these temperature
fluctuations occur, fuel pellets may exhibit thermal expansion, and stresses are introduced to the
cladding. This phenomena is known as “Pellet Cladding Mechanical Interaction” or PCMI.[63]
Regions of high hydrogen concentration, such as localized oxide spallation, are a cause for great
concern because cladding failiure would result in radioactive fission product release into the
primary loop.
Another failure concern is the time-dependent cracking phenomenon referred to as
Delayed Hydride Cracking (DHC). This failure phenomenon involves stress-assisted diffusion
of hydrogen to a pre-existing crack, where the formation of hydrides and their subsequent
fracture result in a crack advancement at a stress intinsity factor K<K1C.[35, 75, 81] As the
hydrogen migrates to the crack tip, the stress field associated with the crack can yield enough
stress for hydrogen to precipitate in the radial direction in which crack propagation continues and
failure occurs. The onset of DHC, however, is controlled by applied stress, crack size,
temperature gradient, hydrogen content, hydride orientation, fluence, alloy composition, and
texture.[82, 83, 84, 85] This phenomenon is of great concern and has fueled a great deal of
research to prevent the rupture of fuel during reactor operation as well as fission product release
during end of life storage.
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Figure 15: DBTT for high burnup M5 after HRT.[80]
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Figure 16: DBTT for high burnup ZIRLO after HRT.[80]

30

Figure 17: DBTT for Zry-4 after HRT.[80]
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1.3 Hydride Reorientation
1.3.1 Effect of Stress on Hydride Orientation
As previously mentioned, in the presence of stress during hydride precipitation,
macroscopic hydrides may participate in hydride reorientation. Hydride reorientation can be
defined as the formation of radially aligned macroscopic hydrides that result when a critical
stress is exceeded during hydride precipitation. When these stresses are applied, the hydride will
reorient perpendicular to the hoop stress. Many factors can influence the degree of reorientation
within the cladding as well as the threshold stress required for hydride reorientation to take place.
These will be discussed in detail in the next section, but include temperature, texture, irradiation,
hydride concentration, and the influence of second phase precipitates.
The values of the threshold stress required for reorientation and the degree of
reorientation vary throughout the literature, namely because these stresses are influenced by
many different factors. There have been several equations proposed in literature to describe the
effect of stress and the degree of reorientation. For example, the Radial Hydride Fraction (RHF)
is a metric used to evaluate the degree of reorientation in a sample given by:

𝑅𝐻𝐹 =

𝑇𝑜𝑡𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 ℎ𝑦𝑑𝑟𝑖𝑑𝑒𝑠 𝑜𝑟𝑖𝑒𝑛𝑡𝑒𝑑 𝑤𝑖𝑡ℎ𝑖𝑛 45°≤𝜃≤135°
𝑇𝑜𝑡𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 ℎ𝑦𝑑𝑟𝑖𝑑𝑒𝑠 𝑎𝑡 𝑎𝑛𝑦 𝑜𝑟𝑖𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛

=

ℓ𝑇𝑅𝐻
ℓ𝑇𝐻

Eq.1-5 [86]

Or
𝑅𝐻𝐹 =

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑎𝑑𝑖𝑎𝑙 ℎ𝑦𝑑𝑟𝑖𝑑𝑒𝑠
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑦𝑑𝑟𝑖𝑑𝑒𝑠

𝑁

= 𝑁 𝑟𝑎𝑑

𝑡𝑜𝑡𝑎𝑙

Eq. 1-6 [87]

These equations can then be plugged into Eq. 1-7 to describe the effect of stress:

𝑛=

𝑁𝑟𝑎𝑑
𝑁𝑡𝑜𝑡𝑎𝑙

1

=
1+ 𝑒𝑥𝑝

(−𝐷 ∙

𝜎
∙𝑇)
Δ𝑇3

Eq. 1-7 [87]

where D is a constant, 𝜎 is the applied hoop stress, ∆𝑇 is the magnitude of undercooling, and T is
the temperature. The greater the value of RHF, the more likely it is for radial hydrides to
detrimentally reduce ductility and negatively affect cladding performance.
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1.3.2 Synergistic Effects of Hydride Reorientation
There are many influential factors that can promote or inhibit the ability of a microhydride stack to reorient in a radial formation. Though many of these factors will work together
synergistically, it is helpful to look at these effects individually to more accurately understand
their mechanistic agreement. These effects are described in detail below:
•

Temperature Effects
Just as temperature plays a large role in the formation of hydrides without the presence of

external stress, it is equally as influential in the presence of an external threshold stress. Chu et
al. demonstrated that peak temperature can affect the stress required for hydride reorientation,
where it was found that the threshold stress decreased with increasing reorientation temperature,
shown in Figure 18.[87] Additionally, the degree of reorientation for a given temperature and
hydrogen content increased with increasing applied stress. These temperature effects can be
explained in conjunction with the theory of sympathetic nucleation. As temperature and
temperature duration increases, the hydrides have more energy to go back into solution. [88] As
mentioned previously, if a hydride stack undergoes only partial dissolution the undissolved
hydride serves as a favorable site to reprecipitate where it was previously oriented. For example,
Singh found that at peak temperatures below 200°C, the amount of undissolved pre-existing
circumferential hydrides drastically reduced the efficiency of hydride reorientation.[89]
Conversely, Hong et al. conducted experiments with a plateau temperature of 300°C for 7 hours
and found that the extended peak temperature greatly increased hydride reorientation.[88]
The rate of temperature that the cladding experiences during heating and cooling in the
presence of a critical stress also can affect the degree of orientation and length of hydrides,
shown in Figure 19. Won et al. showed that slower cooling rates generated a greater fraction and
longer length of radial hydrides, whereas faster cooling rates allow less time for agglomeration.
[90].
Thermocycling has also been shown to affect hydride reorientation in unirradiated cladding.
Chu et al. demonstrated this in Zry-4 cladding annealed at 400ºC under a hoop stress of 160 MPa
where he found that the RHF increased with the increasing number of cycles, shown in Figure
20. Billone also reported an increase in the RHF in irradiated ZIRLO thermocycling at 92 MPa
and 350ºC. However, at 90 MPa and 400ºC, multiple cycles produced the same radial hydride
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fraction as cladding that underwent a single cycle.[91] Daum et al. reported thermocycling to be
ineffective for both irradiated and nonirradiated Zry-4 under hoop stresses 75-80 MPa.[92]
These results demonstrate how sensitive hydrides are to hoop stresses, peak temperature, and
texture during cycling.
•

Microstructure and Texture Effects
Microstructure and texture also heavily influence hydride reorientation. As previously

mentioned, a higher fraction of radial hydrides has been observed in the RXA condition than in
the SRA condition. This can be attributed to the differences in texture. Ells demonstrated that
hydride platelets form oriented parallel to compressive stresses and perpendicular to tensile
stresses.[40] Therefore, as demonstrated by Colas, hydride reorientation is influenced by changes
in the surrounding strain fields, where the compressive stresses that occur during fabrication
heavily influenced the state of orientation.[93] Hardie et al. demonstrated this in Zr-2.5Nb
where a high concentration of basal poles in the matrix formed parallel to a tensile stress, thus
had a favorable texture for radial hydrides to form.[94] In addition to texture, the alloying
elements in the microstructure can influence how susceptible hydrides are to a radial formation
by regulating hydride concentration through corrosion resistance as well as trapping mechanisms
due to second phase precipitates.
•

Effect of Hydride Concentration
For hydride reorientation to occur, hydrogen must be able to move freely in solid solution

so that it is able to reprecipitate into the radial orientation. As previously discussed, hydride
concentration greatly increases the threshold at which hydrogen will fully dissolve back into
solution, thus inhibiting its ability to reorient. This sympathetic nucleation effect was shown in
Chu’s work, where the presence of higher hydride concentration greatly decreased the RHF even
in multiple drying cycles, shown in Figures 21-22. Billone also demonstrated the effect of
hydride concentration when comparing the threshold stress versus hydride concentration, where
alloys containing less hydrogen such as RXA M5, had a much lower threshold stress than the
SRA Zry-4.[80]
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Figure 18: (A) The effect of hoop stress and temperature on reorientation behavior. (B) The effect of solution
temperature on the during a constant hoop stress.[87]

Figure 19: (a) Percentages and (b) average lengths of precipitated radial hydrides depending on cooling rate.[90]
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•

Effect of Irradiation and Burnup
Irradiation has been shown to lower the threshold stress for hydride reorientation,

however, there is still insufficient data available to define the exact parameters of reorientation in
irradiated cladding, especially for those exposed to high burnup.[95] As previously discussed,
irradiation produces dislocations and defects that may act as trap sites for hydrogen and
potentially lower the threshold for reorientation. This lack of thorough understanding on hydride
reorientation in irradiated cladding has become one motivation for this dissertation thesis.
•

Influence of Second Phase Precipitates

Second phase precipitates could also influence hydride reorientation. As previously stated,
during normal reactor conditions SPPs can become amorphous and the dissolution of their
elements enrich the zirconium matrix, creating point defects that can detrimentally affect
cladding properties. One of these effects is their influence on hydride reorientation. It has been
postulated that hydrogen may interact with irradiation induced defects as well as the dissolution
of iron and chrome solutes.[24, 25, 28, 50, 51, 52] Adamson proposes only a fraction of
hydrogen is to be influenced by these radiation effects on the order of 25 to 200 ppm, however, a
differentiation of whether it is soluble hydrogen or the precipitated hydride has not been
concluded.[96] The possibility of these interactions or trap sites would greatly influence the
terminal solid solubility and the phenomena by which hydrides precipitate because hydrogen
would not follow the “classic” TSSp and TSSd. This becomes of great importance because only
hydrogen that is in solid solution can participate in reorientation. Therefore, if the traps
prevented the hydrogen from going back into solution, circumferential hydrides that remained
precipitated would have a beneficial effect in which perhaps only fractions of hydrides would
reorient, or perhaps not at all. However, annealing studies conducted by McMinn and Vizcaino
indicate that a possible release of hydrogen can occur in the same temperature ranges that
irradiation damage is recovered.[48, 49] This delayed release would cause a greater fraction of
hydrogen to participate in reorientation and lead to detrimental effects.
The dissolution of precipitates in different zirconium alloys will likely not interact with
hydrogen the same way. In the literature it was observed that <c> type dislocation loops, being
much larger than <a> type and more stable at higher temperatures and fluences, are responsible
for the trapping mechanism for hydrogen. However, annealing experiments by McMinn and
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Figure 20: Effect of cycle number on radial hydride fraction in unirradiated Zry-4.[87]
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Figure 21: Effect of thermocycling on hydride reorientation for cladding specimens of various
hydride concentrations for solution temperature of 400ºC and hoop stress 160 MPa [87]

Figure 22: Effect of hydrogen concentration on thermocycling for solution temperature of 400ºC
in SRA Zry-4 cladding [87]
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Vizcaino present cases in which hydrogen release during annealing is seen with and without the
presence of <c> loops. It is hypothesized that perhaps the dissolution of the alloying elements
such as Fe or Nb may stabilize or enhance the trapping sites, but this mechanism has yet to be
resolved.
The kinetics of recovery or annealing also has not been quantified, and it is still unknown
how strongly recovery depends on time and temperature. In annealing studies discussed, the
authors assume a simple Arrhenius equation where the activation energy used is not a constant
but would change with different recovery stages within different recovery regimes. This can be
demonstrated in the experiments conducted by Adamson et al. where <a> type loops become
unstable above 673K.[96] This instability would make sense due to the temperature
corresponding to stage V recovery where thermal vacancy emission is observed from <a> loops.
The exact mechanisms of hydrogen trapping by interaction with <a> and <c> loops as
well as the dissolution effects of iron, nickel, chromium, and aluminum are still not well
understood and quantitative analysis is a major goal. Rapid diffusion of iron and slow diffusion
of chromium during dissolution is speculative, although interactions would be probable since the
solutes are highly unstable in the zirconium matrix. Christensen et. al has shown some first
principle simulations where vacancies were capable of trapping up to 9 hydrogen atoms that
would travel with the defect during vacancy migration. Chromium was shown to trap 2 hydrogen
atoms, nickel had an even stronger effect, and iron was shown to have the strongest binding
energy of the three, however, these still need to be further developed.[51]
In addition, most studies related to the influence of SPPs on hydride reorientation have
strictly dealt with Zircaloy-2 and Zircaloy-4 and the metallography of these specimens has
mostly been conducted at room temperature in which the breadth of research on hydride
evolution and defect recovery during reorientation is scarce. It is suggested that future work
should include hot-stage metallography and TEM of high burnup cladding, including newer
alloys containing Nb.[96] This has also been a focus and motivation of the work presented in
this thesis.
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1.3.3 Dry Storage and Transportation
After normal operation nuclear fuel cladding is stored in a spent fuel pool for a number of
years to reduce the decay heat in the rods, while generating a hoop stress around 33-67 MPa.
Once the rods are removed from the pool, they are exposed to a vacuum drying process that
consists of 9 heating cycles that hold at a peak temperature of 400ºC. This heating cycle raises
the internal pressure of the cladding from the fission gases that still exist within the rod to hoop
stresses around 70-150 MPa. The rods are then transported in large casks where the temperature
does not rise above 420ºC. Once the rods arrive in storage, temperatures usually have cooled
down to around 300ºC, yet maintain the hoop stress of 70-150 MPa.[65] During these periods,
the cladding experiences many of the phenomena that have been discussed above and negatively
affect the integrity of the cladding. It is for this reason that the mechanisms of these phenomena
are investigated in this thesis.
1.4 Objective and Motivation
The objective of this project is to investigate the mechanistic and synergistic effects of
hydride reorientation in commercial spent nuclear fuel cladding. Specifically, a focus of this
work will be placed on the influence of trapping mechanisms caused by SPPs and irradiation
induced dislocation loops during hydride reorientation, confirmation of the hydride phase for
each alloy composition, burnup, and hydride orientation, and the effect of high burnup for both
traditional and Nb-containing zirconium alloys. This work will provide key insight into the
fundamental mechanism of hydride reorientation in spent nuclear fuel clad specimens that have
been exposed to commercial light water reactor conditions. This will directly address the issue of
degradation in nuclear fuel cladding in the United States during the transportation and postirradiation storage of nuclear fuel. The Nuclear Regulatory Commission (NRC) regulations on
the storage of used nuclear fuel is being proposed to increase from 20 years to 40 years, and
beyond. In this case, understanding the effects of hydrides and hydride reorientation in nuclear
fuel cladding (potential embrittlement mechanisms) become increasingly important to formulate
the technical basis for continued safe, long-term storage of used nuclear fuel that will
accommodate the final used fuel management options.
Understanding the fundamental mechanism of hydride reorientation in zirconium alloys
under commercial light water reactor conditions is directly applicable to the safety and reliability
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of the current fleet of commercially operated light water reactors, specifically addressing the
issue of degradation in nuclear fuel cladding in the United States during the transportation and
post-irradiation storage of nuclear fuel. During normal commercial operation hydrogen is
absorbed into the cladding material to form zirconium hydrides in the circumferential direction
leading do the degradation of the fuel clad. However, during post-reactor conditions the fuel clad
has been observed to be even more susceptible to failure due to the re-precipitation and
reorientation of zirconium hydrides from a circumferential to radial orientation. Although this
mechanism has been observed, the fundamental science behind hydride reorientation is not well
understood. The effects of irradiation-induced precipitates, especially for commercial light water
reactor conditions, and their influence on hydride reorientation is very underdeveloped. This
thesis aims to investigate this hydride reorientation mechanism by utilizing the Severe Accident
Testing Station (SATS) at ORNL to perform hydride reorientation tests and characterize the
synergistic effects of hydride reorientation using Transmission Kikuchi Diffraction (TKD),
traditional Transmission Electron Microscopy (TEM), Energy Dispersive X-ray Spectroscopy
(EDS) in Scanning Transmission Electron Microscopy (S/TEM), and Electron Energy Loss
Spectroscopy (EELS).
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Chapter 2: Experimental Methodology
This chapter describes the materials and experimental procedures used in this work. The
first section describes the microstructure and irradiation history for the spent fuel cladding used
in this study. The second section describes the sample preparation and proposed
thermomechanical conditions used for hydride reorientation. The third section describes the
microscopy techniques used for characterization analysis.
2.1 Materials
For this work, commercial spent fuel cladding specimens from Surry-2, H.B. Robinson,
and North Anna nuclear reactors were carefully chosen to analyze how specific effects influence
hydride reorientation including:
•

The effect of burnup on a given alloy composition.

•

The effect of alloy composition for a given burnup, specifically Fe and Nb
concentrations.

•

The effect of texture.

•

The effect of hydride concentration.

•

The effect of SPP dissolution.
To accomplish this, five cladding rods with two different alloy compositions, two

different textures, and two types of burnup conditions (high vs low) were selected for analysis.
The high burnup rods were chosen for hydride reorientation analysis. The summary of the
specimen characteristics is given in Table 3 and Table 4.
2.2 Sample Preparation
Sample preparation for the commercial spent fuel cladding was carried out in the hot cells
of ORNL’s Irradiated Fuels Examination Laboratory (IFEL). The refabrication process for
cladding rods used in the simulated hydride reorientation tests involves sectioning, defueling,
oxide removal, plug fitting, and welding. Microscopic characterization was completed for all
samples at ORNL’s Low Activation Materials Design and Analysis (LAMDA) laboratory and
the Center for Nanophase Material Sciences (CNMS).
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Table 3: Spent fuel cladding characteristics for all 5 rods used in this work.

Table 4: Alloying composition percentages for each zirconium alloy type.
Composition

Zry-4

M5

Sn %

1.5

-

Fe %

0.2

0.05

Cr %

0.1

0.015

Ni %

-

-

Nb %

-

1.0
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2.2.1 Metallographic Sectioning
The first step in the sample preparation process is to section the cladding from the parent
rods into metallography (MET) mounts, hydride concentration LECO specimens, and simulated
hydride reorientation specimens. MET mounts were sectioned with a low-speed saw at locations
adjacent to the planned test segments and are used to determine the oxide layer thickness, inner
and outer diameter of the cladding, and orientation and distribution of hydrides. Because each
cladding segment has unique measurements, this step becomes crucial in the subsequent oxide
removal and plug fitting steps of refabrication for the hydride reorientation specimens. A
diamond saw setup for rod sectioning is shown in Figure 23.

2.2.2 Fuel Leaching
Fuel Leaching for HRT Segments
Approximately 0.5” of fuel is removed from the end of each fuel segment designated for
simulated HRT to provide the end plugs with a secure fitting prior to welding. The rod is placed
vertically into a 250 mL beaker that is filled with approximately 100 mL of nitric acid, covering
just over half an inch of the rod, as seen in Figure 24. The beaker is then placed into a steel pan
located on top of a hot plate to ensure that no acid or fuel is spilled onto the work surface inside
the hot cell. For the leaching process to begin, the hot plate is turned on to a medium heat level
of 4.2 (just below the boiling point of the acid) and is left to proceed for 1.5 hours. Once the
process is completed for both ends, the fuel segment is removed from the beaker and the leached
result is measured to ensure the proper completion depth. The waste liquid is then disposed of in
its designated bottle and the fuel rod is transported to the lathe to remove the inner and outer
oxide layers.
Segment Leaching and Decontamination Process
For small segment leaching such as the MET, hydride dissolution, or hydride
concentration samples, leaching is carried out in a 4-step process with the dissolution column,
shown in Figure 25. These samples must have the fuel and contamination removed to an
allowable limit set by LAMDA (<100,000 beta gamma, <100 mR/hr at 30 cm, < 2,000 alpha) to
ensure an acceptable transfer to that facility for characterization. First, samples are defueled
individually in the dissolution column for 24 hours to remove the fuel from each segment. Next,
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Figure 23: MET sectioning of a spent fuel rod on the low-speed diamond saw at station 1 of the hot cell in
IFEL.
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the sample is cleaned in three subsequent ~17-hour direct boils, with each boil using clean acid
and a clean beaker. The samples are then rinsed in water and transferred to the charging area of
the hot cell to be smeared and cleared for transportation to the LAMDA facility.

2.2.3 Outer Oxide Removal
The removal of the outer oxide layer from each end of the cladding is required to ensure a
successful weld later on in fabrication. This is accomplished using the lathe located at station 3
of the hot cell. The amount of oxide to be removed is directly measured from the MET images
to ensure that only the oxide is removed from the cladding. The removal process begins by
inserting the fuel rod into the chuck and securing it with the tightening pins, as shown in Figure
26. The diamond file is primed with a steel brush before each removal pass to ensure an even
removal of oxide. Once the file is primed, it is placed into the ready position and aligned to the
right end of the rod using the left to right alignment wheel shown in Figure 26. To center the
diamond file left to right alignment wheel is rotated 1 full rotation in the counterclockwise
direction. The tip of the file is then aligned to the rod using the front alignment wheel. Once
alignment is complete, the motor is set to ¾ speed and turned on to initiate the rotation of the
clad and begin the removal process. The front alignment wheel is rotated one full rotation every
minute until completion. Image C and D in Figure 26 show the before and after result of
successful oxide removal.

2.2.4 Inner Oxide and Fuel Removal
The inner oxide and remaining residual fuel is removed from the cladding using the fuel
removal setup of the lathe, shown in Figure 26. To ensure that little to no metal is removed from
the cladding during oxide and fuel removal, a customized reamer whose size is calculated from
the MET samples of each fuel rod, is mounted onto the lathe. To begin removal, the reamer is
positioned just outside the clad opening and the cross lock is tightened to align the reamer to the
center of the cladding. The motor is turned on to ¼ speed, and the reamer is slowly inserted into
the clad opening by rotating the reamer alignment wheel clockwise for approximately 10
rotations (for a 0.5” removal). Once the removal process is complete, a flare reamer is installed
in place of the oxide/fuel removal reamer to lightly remove any oxide or burs accumulated
during sectioning. The motor is turned on to ¼ speed and the flare reamer is rotated using the
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Figure 24: Fuel leaching system used for fuel removal on the ends of each simulated HRT segment.
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Figure 25: (a) Defueled specimen ready for subsequent direct boils. (b) Dissolution column setup.
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Figure 26: Images (A) and (B) show the lathe setup for oxide removal. Images (C) and (D) show the
cladding before and after oxide removal.
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same reamer alignment wheel until it comes in contact with the cladding opening for
approximately 1 second. The resultant cladding is shown in Figure 27.

2.2.5 Plug Fitting
Each end of the cladding specimen used for hydride reorientation treatments requires a
customized end plug that is welded to cladding to seal in the gas during testing. To confirm the
inner diameter dimensions, appropriate plug gauge standards sizes are selected from the MET
measurements. The standard is inserted into the end of the cladding and tested for snugness. A
customized plug is then fabricated to the specified dimensions and inserted into each cladding
end by carefully tapping down each plug until it is flush with the cladding end. Two types of end
plugs are designed, one has a sealed flat end and the other has an open nose for gas to enter. A
schematic of the end plug fittings is illustrated in Figure 28. Once the plugs are put into place
the cladding is transferred to station 9 in the hot cell for welding.

2.2.6 Welding
An in-cell Polysoude Orbital Welder is used to weld each end plug to the ends of the
cladding segment. A customized welding program is optimized for each cladding geometry and
practiced on similar sized unirradiated cladding using a duplicate system out of cell. Once the
cladding is fit with the appropriate size plugs, the rod is placed into the holder and clamped into
place. The out-of-cell orbital welder is shown in Figure 29. The weld line is aligned using
customized spacers that are made to properly space each end. Using the appropriate program
and an accompanied continuous Ar gas pressure of 20 psi, the program is started, and welding of
the segment begins. Once completed, the electrode is returned to the starting position, and the
fuel rod is removed and positioned for the next weld. Once welding is complete, each fuel rod is
transferred to station 6 for reorientation test train assembly.

2.2.7 Test Train Assembly
A test train is assembled at station 6 for hydride reorientation that is performed in the
Severe Accident Testing Station (STATS). This assembly uses a spacer at the bottom of the
assembly to center the clad specimen in the SATS tube, and a top cap is clamped down to seal
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Figure 27: Fuel cladding with inner oxide and fuel removed after reaming process.
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Figure 28: Schematic of end plugs showing (a) the entire fuel segment and (b) the open nose end plug.
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off the quarts tubing. Custom length rods are attached to the clad to align the center line of the
cladding to the center of the furnace. A stainless-steel tube was used for accident safety and is
placed between the spacers to protect the quartz tubing of the SATS in case of an accident. Two
S-type thermocouples are used to accurately maintain a sample temperature and heating rate.
One is placed near the centerline of the cladding and the other is placed on the outside of the
stainless-steel tubing. Once the sample thermocouple is in place, the stainless-steel tube is slid
down into place and the second thermocouple is attached. The assembly is shown in Figure 30.

2.2.8 Simulated Hydride Reorientation Test
The rods used for this work are as-irradiated commercial spent fuel rods. To better
understand the effects of reorientation during dry storage, those conditions are simulated using
high pressure and temperature in the SATS at ORNL. To perform these tests using the SATS in
the hot cell, proof of concept was performed on an out-of-cell sister system in building 4500S.
Once the capabilities of the system were proven, the in-cell tests were able to be performed.
After assembly at station 6, the test train is transferred to station 5 and put into the quartz
tubing. The top cap is clamped into place, two Ar gas hoses are attached to the top of the cap via
quick connect fittings, and the thermocouples are plugged in. The temperature profile is set,
including heating rate, hold time, and cooling rate, and the test is started. Once, the temperature
reaches the holding temperature, the Ar pressure is applied inside the tubing and maintained until
a cool down temperature of 200ºC. The SATS system is shown in Figure 31. Testing conditions
follow NRC guidelines. The testing parameters are given in Table 5.

2.3 Characterization Techniques
All microscopy and characterization techniques were performed at ORNL’s LAMDA
laboratory with the exception of the Electron Energy Loss Spectroscopy (EELS) that was
performed at the Center for Nanophase Materials Sciences (CNMS).
2.3.1 Optical Microscopy
Optical microscopy is conducted on the Keyence Digital Optical Microscope to obtain
hydride orientation, distribution, and stack size. This instrument is capable of 5-5000x
magnification, high depth of field imaging and real time image stitching, allowing for a full highresolution MET to be imaged. METs used for this instrument are ground, polished, and etched
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Figure 29: Hydride reorientation orbital welder.
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Figure 30: Test train assembly for hydride reorientation test. (A) shows full test train with sample TC
attached and (B) shows test completed test train with stainless-steel TC attached.
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Figure 31: SATS setup for M5 sample 651E1.
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Table 5: Testing parameters for hydride reorientation tests.
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in the LAMDA facility. The etchant solution consists of 47% by volume Hydrogen Peroxide,
47% by volume Nitric Acid, and 6% by volume HF.

2.3.2 Inert Gas Fusion
Hydrogen concentration will be determined by inert gas fusion using the LECO OH836
instrument in LAMDA. With an instrument range of 0.1-2500 ppm hydrogen, this instrument
provided relatively precise measurements. This analysis technique is destructive, however, and
the sample is heated in an impulse furnace to release the hydrogen gas. Zirconium standards are
used to calibrate the system prior to each test.

2.3.3 Focused Ion Beam
TEM foils are obtained by lift-out techniques using a Quanta FEI 3D 200i Dual Beam FIB
with 30 kV Ga+ ions and a finishing energy of 5kV. The thinning portion of the foil preparation
is accompanied by a LN2 cryo-stage to ensure preservation of the hydrides and dislocation loops.
This cryogenic environment is imperative to obtain accurate TEM data for zirconium hydrides.

2.3.4 Transmission Kikuchi Diffraction
Grain size, distribution, hydride phase and hydride orientation are obtained via Electron
Backscatter Diffraction (EBSD) in Transmission Kikuchi Diffraction (TKD) mode using the
TESCAN MIRA3 GMH SEM. This instrument uses a high brightness Schottky emitter for highresolution/ low noise imaging with a 5-axis fully motorized compucentric stage that can obtain
large EBSD patterns.

2.3.5 S/TEM
Conventional TEM examination of zirconium hydrides, dislocations, and second phase
precipitates will be characterized using JEOL 2100F TEM instrument operated at 200kV. X-ray
energy dispersive spectroscopy (EDS) was performed using the FEI Talos F200X
scanning/transmission electron microscope (S/TEM) that utilizes a SuperX four detector EDS
system and an FEI Titan 80-300 probe aberration corrected microscope equipped with an X-FEG
field emission electron source and four Bruker SuperX energy dispersive spectrum detectors.
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This instrument enables qualitative elemental mapping of precipitates in the zirconium matrix by
collecting characteristic X-ray signals at very high counts per second, known as the ChemiSTEM
method.

2.3.6 EELS
Low-loss EELS spectra will be obtained using the EOL NEOARM aberration-corrected
analytical TEM/STEM Microscope equipped with a cold-field emitter and JEOL’s ASCOR
aberration corrector; microscope operates at 30kV, 60 kV, 100kV, or 200 kV and under low-dose
conditions. The microscope can be operated in TEM, STEM, and Lorentz modes and can
acquire high-angle annular dark-field (HAADF), annular bright-field (ABF), and bright-field
(BF) STEM images as well as secondary (SE) and backscatter electron (BSE) images.
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Chapter 3: Results
3.1 As-Irradiated Low Burnup Zry-4
3.1.1 Macro-hydride Characterization of As-Irradiated LBU Zry-4
The As-Irradiated Low Burnup Zry-4 (35.7 GWd/MTU) sample, shown in Figure 32,
has mostly circumferential hydrides concentrated in the ID and OD of the cladding regions, with
macro-hydride stacks >1mm. The center region of the cladding (~400 𝜇m) is mostly free of
hydrides except for a few short-segmented hydride stacks. At 300wppm hydrogen, as mentioned
in Table 3, the hydride concentration is much lower than the high burnup Zry-4 specimens. The
oxide layer on the cladding was measured to be 20 𝜇m.
Lamellae were lifted out for characterization using cryo-FIB techniques. Using the cryoFIB technique is essential for quantifying the hydrides and keeping the native hydrides and
surrounding defects intact without introducing hydride growth or additional defects. The FIB
specimens were lifted out such that the circumferential hydrides were oriented vertically in the
lamella.

3.1.2 Hydride Phase and Orientation of As-Irradiated LBU Zry-4
The hydride-matrix orientation relationship for a characteristic lamella in the AsIrradiated LBU Zry-4 sample is demonstrated in the TKD maps, shown in Figure 33. The TKD
maps show inter-granular, intra-granular, and trans-granular hydride platelets in the delta phase,
with a large hydride oriented in the [001] direction. The circumferential hydrides align well with
the thin elongated grains due to the SRA texture, as expected. Unfortunately, the maps reveal
some surface damage that may be due to oxidation of the lamella.
Low-loss EELS spectra, shown in Figure 34, reveal a shift in the primary plasmon peak.
Plasmon resonances can be used to interpret the energy shifts in the EELS map, where the
energy loss can directly be associated to the local density fluctuations of the valence electrons,
thus a shift in the plasmon peak can be related to the stochiometric concentration of the
zirconium hydrides in the alpha-zirconium matrix. The relative change in the local valence
electron density, N, is proportional to the energy loss, 𝐸𝑙𝑝 , and can be calculated using Eq. 3-1:
𝑁𝑒 2

𝐸𝑙𝑝 = ℏ√𝜖

0 𝑚𝑒

∝ √𝑁
60

Eq. 3-1

Figure 32: (a) Full view micrograph of the de-fueled As-Irradiated LBU Zry-4 sample. (b) 300X view of AsIrradiated LBU Zry-4 showing circumferential hydrides along the ID and OD of the clad.
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Figure 33: TKD phase and orientation maps showing inter-granular, intra-granular, and trans-granular 𝛿-hydrides in
the As-Irradiated LBU Zry-4 sample.
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Low-loss EELS spectra for As-Irradiated LBU Zry-4

Figure 34: EELS map of As-Irradiated LBU Zry-4 showing the hydride (green) in the Zry-4 matrix (red).
The low-loss EELS spectra reveal a shift in the plasmon peak from ~16.5 eV in the 𝛼-matrix to 18.4 eV in
the 𝛿-hydrides.
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where 𝑒 and 𝑚𝑒 are electron charge and electron mass, respectively, and 𝜖0 is the vacuum
permittivity.[57]
In the As-Irradiated HBU Zry-4 sample there is a shift in the plasmon peak from ~16.5
eV in the α-matrix to 18.4 eV in the δ-hydrides, which aligns well with the trans-granular values
of 𝛿-hydrides found in literature.[57] Using Eq. 3-1, this equates to an approximate increase of
20% valence electron density.

3.1.3 TEM/STEM/EDS Characterization of As-Irradiated LBU Zry-4
The high-angle annular dark-field (HAADF) TEM image, and corresponding selected
area electron diffraction (SAED) pattern, shown in Figure 35, reveals an FCC-type hydride
looking through the [14̅1] zone axis. The FCC nature of the hydride confirms the 𝛿-hydride
phase.
S/TEM elemental mapping of the environment surrounding the 𝛿-hydride in the AsIrradiated LBU Zry-4 is shown in Figure 36. Through this technique we are able to identify a
Zr(Cr,Fe)2 laves phase precipitate (approximately 0.6 𝜇m away the hydride) that has a depleted
Fe-trail diffusing from the precipitate to the hydride edge. The corresponding EDS line-scan of
the laves phase precipitate, shown in Figure 37, reveals that the precipitate is Cr-rich (~30 at.%
Cr, ~8 at.% Fe). The precipitate is also amorphous as indicated in the diffraction pattern, shown
in Figure 38.
3.2 As-Irradiated High Burnup Zry-4
3.2.1 Macro-hydride Characterization of As-Irradiated HBU Zry-4
The As-Irradiated HBU Zry-4 (66.8 GWd/MTU) sample, shown in Figure 39, consists of
nearly all circumferential hydrides that increase in concentration from the midplane to the
cladding OD. Very few hydrides are in the ID of the cladding, and an area (~200 𝜇m) denuded
of hydrides exists between the ID and midplane of the cladding. The higher concentration of
hydrogen (408 ppm H) yields a noticeably higher concentration of hydrides, as compared to the
LBU Zry-4 sample. The oxide layer was measured to be 89 𝜇m.
TEM lamellae were lifted out for characterization using cryo-FIB techniques to preserve
the native hydrides and defects. The FIB specimens had a lift-out orientation such that the
circumferential hydrides were oriented vertically in the lamella.
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Figure 35: (a) HAADF image of the hydrides in the As-Irradiated LBU Zry-4 sample outlined in green. (b) The
̅ 1] FCC zone axis confirm the 𝛿-hydride phase.
diffraction pattern of the hydride looking through the [14
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Hydride

Figure 36: STEM EDS mappiong of Fe diffusing out of the Laves phase precipitate and forming an Fe-rich
precipitate near the hydride.
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Figure 37: The HAADF overlay and linescan of the laves phase precipitate in As-Irradiated LBU Zry-4 shows that it
is Cr-rich (~30 at.% Cr, ~8 at.% Fe) and appears to have Fe depleting to the hydride.
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Figure 38: HAADF, DF4, and BF images of the amorphous Laves phase precipitate. The diffraction pattern shows
that this precipitate has become amorphous.
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3.2.2 Hydride Phase and Orientation of As-Irradiated HBU Zry-4
The hydride-matrix orientation relationship for characteristic lamella in the As-Irradiated
HBU Zry-4 sample is demonstrated in the TKD maps, shown in Figure 40. The TKD maps
show inter-granular, intra-granular, and trans-granular hydride platelets in the delta phase, with
some of the higher concentrated hydrides oriented in the [001] direction. Much like the LBU
Zry-4 sample, the circumferential hydrides align well with the elongated grains in the SRA
texture, as expected. Unfortunately, the maps reveal some surface damage that may be due to
oxidation of the lamella.

3.2.3 TEM/STEM/EDS Characterization of As-Irradiated HBU Zry-4
High-angle annular dark-field (HAADF) TEM images of the As-Irradiated HBU Zry-4
sample, shown in Figure 41, reveal hydride platelets in the circumferential direction as we
would expect in an as-irradiated sample. The thickest trans-granular platelet seems to measure
~285 nm. The diffraction pattern confirms that these are FCC delta-hydrides in the HCP
zirconium matrix looking through the [101̅0] zone axis for zirconium and the [112] zone axis for
ZrH.
Bright Field (BF) imaging of a short hydride tilted on zone, shown in Figure 42, reveals
several c-loops near the hydride and a very small Fe-rich precipitate. This may give evidence to
the c-loops formation associated with the Fe-rich precipitates acting as nucleation sites for
hydrides.
Elemental mapping of the environment surrounding the trans-granular hydride in Figure
41, shown in Figure 43, depicts a fairly homogeneous distribution of Fe, Cr, and Sn with no large
crystalline precipitates associated with the hydride. However, a Zr(Cr,Fe)2 laves phase
precipitate is shown approximately 0.5 𝜇m away from another platelet, shown in the HAADF
image in Figure 38. The elemental mapping and corresponding EDS line-scan shows that it is a
Cr-rich (~43 at.% Cr, ~10 at.% Fe) precipitate that has been amorphized as indicated in the
diffraction pattern, shown in Figure 44.
A second pair of laves phase precipitates near a hydride precipitate (0.22 and 0.99 𝜇m
away from the hydride) are shown in Figure 45. The EDS line-scan of the larger precipitate
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Figure 39: (a) Stitched micrograph of As-Irradiated HBU Zry-4. (b) and (c) showing 300x image revealing high
hydride concentration of circumferential hydrides increasing from the midplane to the cladding OD with a somewhat
denuded hydride zone from the midplane to the cladding ID.
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Figure 40: TKD phase and orientation maps showing inter-granular, intra-granular, and trans-granular 𝛿-hydrides in
the As-Irradiated HBU Zry-4 sample.
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Figure 41: As-Irradiated HBU Zry-4 HAADF TEM images (a) showing circumferential inter- and trans-granular
hydride stacks with diffraction pattern (b) proving to be an FCC 𝛿-hydride. A laves phase precipitate is also found
approximately 0.5 𝜇m from a trans-granular.
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Figure 42: Bright Field image of a hydride in the As-Irradiated HBU Zr-4 sample that is tilted on zone reveals
several c-loops near the hydride and Fe-rich precipitate. S/TEM EDS map of the Fe-rich precipitate is given in
appendix 1A.
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Figure 43: Elemental mapping showing a homogeneous distribution of Fe, Cr, and Sn surrounding the
circumferential hydride in As-Irradiated HBU Zry-4 sample.
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Figure 44: Laves Phase precipitate in As-Irradiated HBU Zry-4 sample near the hydride in Figure 41 (a) diffraction
pattern indicating amorphization, (b) EDS line-scan indicating ~43 at% Cr and ~10at% Fe, (c) elemental mapping of
precipitate.

74

(a)

(b)

(c)

Figure 45: Pair of Laves Phase precipitates in As-Irradiated HBU Zry-4 sample near the hydride (a) diffraction
pattern of the larger precipitate indicating amorphization, (b) EDS line-scan of the larger precipitate indicating ~24
at.% Cr, ~4 at.% Fe, (c) elemental mapping of precipitates.
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indicates that it is also Cr-rich (~24 at.% Cr, ~4 at.% Fe) and has been amorphized as shown by
the corresponding diffraction pattern.

3.3 Simulated Hydride Reorientation Tests
Three hydride reorientation tests were successfully completed in the IFEL hot cells
including H.B. Robinson HBU Zry-4 (63.8 GWd/MTU) sample 607D4C, and North Anna HBU
M5 (72.9 GWd/MTU) sample 651E1, and North Anna HBU M5 (72.9 GWd/MTU) sample
651E7. The HBU Zry-4 sample underwent a hydride reorientation 5-cycle treatment (peak
temperature = 400ºC; hoop stress 140 MPa) with a very slow cooling rate (0.5ºC/min) to
demonstrate the effect of multiple cycling on hydride reorientation. North Anna M5 samples
651E1 and 651E7 underwent single cycle hydride reorientation treatments of 140 MPa and 90
MPa, respectively, at a peak temperature of 400ºC and a cooling rate of 3ºC/min. These
temperature and pressure conditions were chosen from literature to demonstrate the effect of
threshold stress on hydride reorientation. Temperature and pressure profiles of the simulated
hydride reorientation tests are given in Figure 46. Due to constraints outside of this author’s
control, sample 651E7 was not able to be characterized in this work.

3.4 HRT High Burnup Zry-4
3.4.1 Macro-hydride Characterization of HRT High Burnup Zry-4
HRT HBU Zry-4 (67 GWd/MTU) sample, shown in Figure 47, has a significant number
of radial hydrides that were produced from the 5-cycle HRT. In the ID region where hydride
concentration is lowest, a greater number of long hydride stacks (up to 210 𝜇m) are seen. In
regions of high hydride concentration near the cladding OD, however, there are fewer radial
hydrides whose stack length are much shorter (< 50 𝜇m). The oxide layer was measured to be 55
𝜇m.
TEM lamellae were lifted out for characterization using cryo-FIB techniques to preserve
the native hydrides and defects. The FIB specimens had a lift-out orientation such that the radial
hydrides were oriented vertically in the lamella.
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Figure 46: HRT profiles for samples (a) HBU Zry-4 sample 607D4C with peak temperature 400ºC and a
hoop stress of 140 MPa, (b) HBU M5 sample 651E7 with a peak temperature of 400ºC and a hoop stress of
90 MPa, and (c) HBU M5 sample 651E1 with a peak temperature of 400ºC and a hoop stress of 140 MPa.

77

(a)

(b)

(c)

(d)
Figure 47: Micrograph of the HBU Zry-4 cladding (a) before hydride reorientation treatment. (b) Circumferential
hydrides are shown in increasing density from the midplane to the cladding ID in the 300X micrograph. (c) Depicts
the cladding after hydride reorientation treatments, where (d) radial hydrides are shown to increase in length from
the high hydride concentration in the OD to the low concentration of the ID.
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3.4.2 Hydride Phase and Orientation of HRT High Burnup Zry-4
The hydride-matrix orientation relationship for a characteristic lamella in the HRT HBU
Zr-4 sample is demonstrated in the TKD maps, shown in Figure 48. The TKD maps show
Inter-granular, intra-granular, and trans-granular radial hydride platelets in the δ-hydride phase,
with several hydrides in the bottom of the map oriented in the [112] direction on a [1̅21̅0] grain.
The hydrides seem to traverse several higher order grains. Unfortunately, the maps reveal some
surface damage that may be due to oxidation of the lamella.

3.4.3 TEM/STEM/EDS Characterization of HRT HBU Zry-4
Two radial hydride lamellae lifted out near the cladding OD were chosen for STEM
characterization. Both lamellae have very unique SPP interaction and radial hydride features.
We will describe STEM analysis of the hydrides and hydride environment in Lamella #1, and
then describe Lamella #2.
TEM/STEM/EDS analysis of Lamella #1
The HAADF TEM image and SAED pattern of Lamella #1, shown in Figure 49, reveals
the FCC nature of the hydride looking through the [hjkl] zone axis of the matrix and the [hkl]
zone axis for the hydride. This FCC nature agrees with the TKD maps of Figure 48 and
confirms the δ-hydride phase.
Elemental mapping of the hydride environment using the ChemiSTEM method reveal
three types of precipitates, shown in Figures 50-52. A Laves phase precipitate and Fe-rich
clusters are shown in Figure 50. The first of which is a Laves phase precipitate, shown in Figure
50, measures ~448x323 nm and the EDS line-scan reveals that is Cr-rich (33 at.% Cr, 6 at.% Fe).
The second type of precipitates are Fe-rich clusters shown entangled along the radial direction of
the hydride. These precipitates are revealed to be Fe-rich (9:1 Fe:Sn ratio with <1% Cr) ZrFe2type clusters, given by the EDS line-scan and diffraction pattern in Figure 51. The third unique
type of precipitate that exists is a diffuse galaxy-type Laves phase precipitate, shown in Figure
52. It is entangled in the short radial hydrides in the lower region of Lamella #1. The precipitate
is about 200x200 nm in size and has a dilute Cr-rich nature (4.5 at.% Cr, 2.5 at.% Fe).
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Figure 48: TKD phase and orientation maps showing several inter-granular, intra-granular, and trans-granular radial
𝛿-hydride platelets in the HRT HBU Zry-4 Lamella #1.
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[1̅01] 𝑍𝑜𝑛𝑒 𝐴𝑥𝑖𝑠
Figure 49: (a) HAADF image of radial hydrides in the HRT HBU Zry-4 Lamella #1. (b) The diffraction pattern
confirms that these are FCC 𝛿-hydrides.
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Figure 50: HAADF overlay image showing the large Laves phase precipitate and Fe-rich clusters. The EDS linescan of the Laves phase precipitate shows that it is Cr-rich (33 at.% Cr, 6 at.% Fe).
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Figure 51: Fe-rich cluster near hydride in Lamella #1 showing that it is an ZrFe2 type Fe cluster. The EDS line-scan
shows it has a 9:1 Fe:Sn composition with <1% Cr.
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Figure 52: The Galaxy Laves-type precipitate in Lamella #1 in HRT HBU Zry-4 sample. The EDS line-scan shows
that it is a Cr-rich (4.5 at.% Cr, 2.5 at.% Fe, 1 at.% Sn).
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TEM/STEM/EDS analysis of Lamella #2
HAADF TEM images of HRT HBU Zry-4 Lamella #2, shown in Figure 53, show a
singular radial hydride. This hydride has a high hydrogen concentration near the top of the
hydride platelet and seems to split near the middle of the hydride, before coming back together.
As indicated in the diffraction pattern, this is an FCC δ-hydride in the HCP zirconium matrix
looking through the [112̅3] zone axis for the zirconium matrix and the [111] zone axis for the
hydride.
Elemental mapping of the hydride, shown in Figure 54, indicate that Fe-rich precipitate
clusters are pinned along the radial hydride. The top row of images show that the largest Fe-rich
precipitate is located near the highest concentration of the hydride platelet. The third row of
elemental mapping shows a zoomed-in view of the split in the hydride where needle-like Fe
precipitates have intermingled with the hydride.
Further analysis was performed on the largest Fe-rich precipitate, shown in Figure 55.
The diffraction pattern indicates that the precipitate is a crystalline ZrFe2 phase precipitate, and
the EDS line-scan indicates that there is a 17:1 Fe:Sn ratio with <1% Cr.
Additionally, analysis performed on the split hydride indicate that the Fe begins to form
needle like precipitates within the hydride region that appear to be along the [0002] basal plane
the [112̅0] perpendicular plane, and the [101̅0] shown in Figure 56. The EDS line-scan
indicates that the precipitates have a 7:1 Fe:Sn ratio.

3.5 HRT High Burnup M5
3.5.1 Macro-hydride Characterization of HRT HBU M5
HRT HBU M5 high (72.9 GWd/MTU) sample 651E1, shown in Figure 57, has a
uniformly distributed mix of short (~26 𝜇m) radial and circumferential hydrides, and a measured
oxide thickness of 23 𝜇m.
TEM lamellae were lifted out for characterization using cryo-FIB techniques to preserve
the native hydrides and defects. The FIB specimens had a lift-out orientation such that the radial
hydrides were oriented vertically in the lamella.
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Figure 53: Lamella #2 HRT HBU Zry-4 HAADF TEM images (a) showing a radial hydride stacks with a diffraction
pattern (b) proving to be an FCC delta hydride.
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Figure 54: Elemental mapping of the radial hydride in Lamella #2 of HRT HBU Zry-4 where the largest Fe-rich
precipitate is pinned near the highest concentration of hydrogen and needle-like Fe-rich precipitates are shown
intermingled with the hydride split.
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Figure 55: (a) Elemental map overlay of large Fe-rich precipitate near the highest concentration of radial hydride
platelet (b) diffraction pattern looking through the [114] zone axis indicates that it is a ZrFe2 phase precipitate, and
(c) the EDS line-scan indicates that there is a 17:1 Fe:Sn ratio with <1% Cr.

Figure 56: (a) Elemental map overlay of needle-like Fe-rich precipitates that intermingle with the hydride along the
̅ 0] perpendicular plane, and [101
̅ 0]. (b) The EDS line-scan indicates that there is a 7:1 Fe:Sn
[0002] basal plane, [112
ratio.
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Figure 57: (a) Micrograph of HRT HBU M5 sample 651E1 (140 MPa hoop stress) and (b) at 300X showing a
uniform mix of radial and circumferential hydrides.
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3.5.2 Hydride Phase and Orientation
The hydride-matrix orientation relationship for a characteristic lamella in the HRT HBU
M5 sample is demonstrated in the TKD maps, shown in Figure 58. The TKD maps show one
trans-granular and two intra-granular radial hydride platelets in the δ-hydride phase. The first
intra-granular hydride is lying on a grain oriented in the [0001] direction, while the second intragranular hydride lies within a grain oriented in the [1̅21̅0] direction. The trans-granular
hydride starts in the same [1̅21̅0] oriented grain and ends in a grain oriented in the [0001]
direction. The hydrides are much sparser in the M5 sample, and there are no inter-granular
hydrides lying along the large RXA grains. Unfortunately, there is still some surface oxidation
that contaminates the maps, however not as much as the Zry-4 samples.
Low-loss EELS spectra, shown in Figure 59, reveal a shift in the primary plasmon peak
from ~16.5 eV in the α-matrix to 18.9 eV in the δ-hydrides. Using Eq. 3-1, this equates to an
approximate increase of 24% valence electron density.

3.5.3 TEM/STEM/EDS Characterization of HRT HBU M5
Bright Field TEM imaging of the trans-granular hydride in HRT HBU M5 sample 651E1,
shown in Figure 60, depicts the hydride in the [1̅21̅0] oriented grain surrounded by <a> and
<c>-type loops. A very large (>200 nm) <c>-loop is shown relatively close to the hydride. The
SAED diffraction pattern of the hydride shows its FCC nature, agreeing with the TKD maps and
thus confirming the δ-hydride phase.
Bright Field TEM imaging and elemental mapping of the hydride environment
surrounding the lower intra-granular hydride is shown in Figure 61. The Bright Field image
reveals several dislocations and precipitates in the hydride grain. The corresponding elemental
maps show that the precipitates are Nb-rich, with no significant Nb enrichment on <a> or <c>
loops. Fe seems to have a very low enrichment of the Nb-rich precipitates and seems to
somewhat enrich the grain boundary. There is a uniform distribution of the Nb precipitates, with
the varying sizes <100𝜇m.
Further analysis of a Nb-rich precipitate near the radial hydride is shown in Figure 62.
The diffraction pattern reveals that this precipitate is a crystalline Zr(NbFe)2 type precipitate, yet
the EDS line scan reveals that it has lost most of its Fe to the matrix, and perhaps some to the

90

M5

Figure 58: TKD phase and orientation maps showing two intra-granular and one trans-granular radial 𝛿-hydride
platelets in the HRT HBU M5.
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hydrides

Low-loss EELS spectra for HRT HBU M5

DF4

Figure 59: EELS map of HRT HBU M5 showing the hydrides (green) in and the matrix (red). The lowloss EELS spectra show a shift in the plasmon peak from ~16.5 eV in the 𝛼-matrix to 18.9 eV in the 𝛿hydrides. The DF4 image is given for reference.
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Figure 60: Bright Field TEM image of the trans-granular hydride in the [1
<c>-type loops can be found on either side of the hydride with a very large (>200 nm) <c>-loop relatively close to
the hydride. The SAED diffraction pattern of the hydride shows its FCC nature, thus confirming the 𝛿-hydride
phase.
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Figure 61: The Bright Field image reveals several dislocations and precipitates in the hydride grain. The
corresponding elemental maps show that the precipitates are Nb-rich. Fe seems to have a low enrichment of the Nbrich precipitates and seems to somewhat enrich the grain boundary.
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Figure 62:The EDS elemental maps and corresponding line scans show a very small Fe enrichment of the
precipitate, although most of the Fe has depleted. The diffraction pattern confirms that this is a Zr(NbFe)2
̅ 0] zone axis. The FCC hydride is also seen in the diffraction pattern in the [110] zone axis.
precipitate in the [112

95

Figure 63: Principal Component analysis maps confirm the low Fe enrichment of the Zr(NbFe)2 precipitate.
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hydride grain boundary. Principal Component analysis maps were also utilized and confirm the
low Fe enrichment of the Zr(NbFe)2 precipitate, shown in Figure 63.
Nb precipitates away from the grains containing radial hydrides were also analyzed, as
shown in Figure 64. Elemental mapping reveals a relatively uniform dispersion of Nb
precipitates with a uniform dispersion of Fe and Cr solutes. The diffraction pattern shows that
these precipitates are of the BCC 𝛽-Nb type. In contrast to the grain containing the radial
hydrides, no Fe enrichment of the grain boundary or Nb precipitates was observed.
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Figure 64: Nb precipitates in a non-hydride grain. Elemental mapping reveals a relatively uniform dispersion of Nb
precipitates with varying sizes, and a uniform dispersion of Fe and Cr solutes. The EDS line scan shows that these
̅ 113] matrix Zone Axis and the [311
̅̅̅̅] Nb
Nb precipitates are not Fe enriched. The diffraction pattern through the [2
Zone Axis shows that these precipitates are of the BCC 𝛽-Nb type.
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Chapter 4: Discussion
The objective of this thesis is to investigate the mechanistic and synergistic effects of
hydride reorientation in commercial spent nuclear fuel cladding. A specific focus has been
placed the confirmation of the hydride phase for each alloy, composition, burnup, and hydride
orientation, the dissolution of second phase precipitates and their influence on hydride
reorientation, and the effect of high burnup in Zry-4 and M5. A suite of characterization
techniques including inert gas fusion, optical microscopy, Transmission Kikuchi Diffraction
(TKD), traditional Transmission Electron Microscopy (TEM), Energy Dispersive X-ray
Spectroscopy (EDS) in Scanning Transmission Electron Microscopy (S/TEM), and Electron
Energy Loss Spectroscopy (EELS) have been utilized to describe these phenomena.

4.1 Hydride concentration, phase, and orientation
The hydride concentration, phase, and orientation from each of the commercial spent
nuclear fuel rods was reported in Chapter 3. The hydride concentration for the HBU Zry-4
samples (408 wppm in the As-Irradiated and 400 wppm in the HRT) was obtained through inert
gas fusion measurements, where the accuracy of hydrogen concentration is 0±5 wppm H.
Unfortunately, due to circumstances beyond this author’s control, the hydrogen concentration
analysis using the LECO OH836 was not able to be completed for the LBU Zry-4 and the HBU
M5 samples. Estimated values of the hydrogen concentrations for these samples were calculated
using the rod location and the average burnup of the cladding; the estimated values are 300
wppm and 120 wppm, for the LBU Zry-4 and M5, respectively. The differences in hydrogen
concentration for the LBU and HBU Zry-4 samples can be attributed to the exposure time and
burnup, where a prolonged exposure to reactor operation will allow for a higher pickup fraction
of hydrogen.[37] The low hydrogen content in the HBU M5 compared to the Zry-4 alloys,
however this is due to the improved corrosion resistance of M5 from the Nb additions.[6]
As mentioned in Chapter 1, there is some debate whether or not the 𝛿 or 𝛾-phase is
present in the Zr-alloy cladding.[54, 55, 56, 57, 97, 98] Bradbrook claimed the 𝛾 phase only
appears during quenching the zirconium clad [54], Nath suggest that they may only appear at
concentrations above 640 wt.ppm [55], Mishra suggest it is a resultant of a peritectoid reaction
below 255ºC,[56] and Tunes et al[57] claim that it is not a new phase at all but rather a variation
of the 𝛿 phase. Woo and Zhao also claimed to have seen the 𝛾 phase in ZrNb-2.5 (100-1000
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wppm H) and Zry-4 (250 wppm H), respectfully.[97, 98] To investigate these findings, low-loss
EELS, TKD, and SAED patterns of the hydride phase in these cladding specimens were utilized
for characterization. Plasmon resonances in low-loss EELS experiments can be used to interpret
the energy shifts in the EELS map, where the energy loss can directly be associated to the local
density fluctuations of the valence electrons, thus a shift in the plasmon peak can be related to
the average stochiometric concentration of the zirconium hydrides in the alpha-zirconium matrix
The hydride phase and hydride-grain orientation relationship is obtained through EBSD in TKD
mode, which is complementary to the average stoichiometry found through low-loss EELS, and
the hydride crystal structure found through SAED in TEM. Using these three techniques
synergistically enabled a thorough evaluation of the hydride phase in commercial spent nuclear
fuel cladding.
The hydride phase was confirmed to be the FCC 𝛿-hydride, in all burnups, orientations,
and compositions of this work, which aligns well with the majority of literature reported in
Section 1.2.2, especially at these hydrogen concentrations. Although low-loss EELS experiments
for the HBU Zry-4 samples were not able to be completed due to circumstances outside of this
author’s control, EELS analysis was completed for the LBU HRT Zry-4 and the HBU M5. For
the LBU Zry-4 sample, the shift in the plasmon peak from ~16.5 eV in the α-matrix to 18.4 eV in
the δ-hydrides aligns well with the trans-granular values of the 𝛿-hydride reported by Tunes.[57]
The TKD maps in the LBU Zry-4 support these values, as the results indicate that hydrides in
this sample were predominantly trans-granular hydrides in the 𝛿-phase, and the FCC nature of δhydride phase was confirmed through the same matrix and hydride zone axis in the SAED
patterns. The values reported for the plasmon peak shift for the radial hydrides found in HRT
HBU M5 (from ~16.5 eV α-matrix to 18.9 eV intra-granular δ-hydride) differ from the 19.2±0.2
inter-granular 𝛿-phase, 18.3±0.2 𝛾-phase, and 19.6±0.5 𝜖-phase values reported in the Zr-2.5Nb
alloy by Woo.[98] To this author’s knowledge, these are the first values ever reported for δhydrides in M5. This δ-hydride phase is confirmed through the TKD maps and SAED patterns.
Although EELS was not able to be conducted for HBU Zry-4, the TKD maps and SAED patterns
are in agreement for the 𝛿-phase of these hydrides, thus we can confirm that there is no phase
change caused by high burnup or hydride reorientation. Therefore, all three techniques are
synergistically complementary in confirming the presence of the delta-hydride phase in all
conditions for the zirconium spent nuclear fuel cladding in this work.
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The Zry-4 cladding samples had a prototypical hydride stack morphology and
orientation in all three cladding conditions (LBU, HBU, HBU HRT) with the hydride
morphology dominated by circumferential hydrides in the as-irradiated conditions due to
texturing effects, and a mixture of radial and circumferential hydrides under HRT conditions.[8,
9, 37, 64, 80] The As-Irradiated LBU Zry-4 in this work consists of mostly circumferential
hydrides concentrated in the ID and OD of the cladding regions, with macro-hydride stacks
>1mm. The center region of the cladding (~400 𝜇m) is mostly free of hydrides except for a few
short-segmented hydride stacks. The As-Irradiated HBU Zry-4 consists of nearly all
circumferential hydrides that increase in concentration from the midplane to the cladding OD.
Very few hydrides are in the ID of the cladding, and an area (~200 𝜇m) denuded of hydrides
exists between the ID and midplane of the cladding. The HRT HBU Zry-4 sample consists of a
significant number of radial hydrides that were produced from the 5-cycle HRT. In the ID
region where hydride concentration is lowest, a greater number of long hydride stacks (up to 210
𝜇m) are seen. In regions of high hydride concentration near the cladding OD, however, there are
fewer radial hydrides whose stack length are much shorter (< 50 𝜇m). This is consistent with the
work done by Chu, where he saw that an increase in hydride concentration resulted in an
increase in the required stress to for hydride reorientation, seen in Figure 22.[87]
The differences in the as-irradiated Zry-4 samples can be attributed to the differences in
hydrogen concentration and burnup. For the As-Irradiated LBU Zry-4 sample (35.7
GWd/MTU), the lower pickup fraction of hydrogen allows its diffusion to follow both Fick’s law
and the Soret effect, causing hydrides to precipitate along the cladding ID and OD. However, at
twice the burnup (66.8 GWd/MTU), the HBU Zry-4 cladding experiences a larger thermal
gradient and longer exposure time resulting in a larger fraction of hydrides accumulating in the
cooler cladding OD where an increase in hydride concentration occurs from the cladding
midplane to the cladding OD.[70,71] As hydrogen pickup increases with the increased burnup,
the hydrogen reaches its TSSp in the cladding OD much faster than the cladding ID, where the
precipitated hydrogen serves as a nucleation site for new hydrogen ingress in which Fickian
diffusion decreases and hydride concentration continues to increase along the cooler outer
rim.[46, 63, 70, 71] This morphology plays a big role in the morphology of the HRT HBU Zry-4
sample, as the lower concentration in the cladding ID contributes to the longer radial hydrides
being found in this location.
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The HRT HBU M5 hydride morphology and orientation differed from the morphology
reported in literature.[71] In this work, the HRT HBU M5 (72.9 GWd/MTU) sample, shown in
Figure 57, has a uniformly distributed mix of short radial and circumferential hydrides, whereas
Billone observed long (<410 𝜇m) agglomerated hydride stacks, shown in Figure 65.[71] In
Billone’s work the M5 cladding was a high burnup (63 GWd/MTU) sample with a hydrogen
content of 94±4 wppm that experienced a 1-cycle RHT of 400ºC peak temperature, 5ºC/hr
cooling rate, and a hoop stress of 140 MPa. It is possible that these differences may be attributed
to the slower cooling rate (<0.1ºC/min for Billone vs 3ºC/min for this work) in the Billone study.
Won’s work, referenced in Figure 19 of Chapter 1, demonstrated the potential sensitivity of
cooling rates where a greater fraction and longer length of radial hydrides was shown for slower
cooling rates, whereas faster cooling rates allow less time for agglomeration.[90] However,
without being able to analyze the as-received sample that was planned for this work, the
difference in hydrogen concentration and burnup could also have had a reasonable influence on
the morphology. In any case, although the analysis of the as-irradiated M5 will have to be
completed in follow-on studies, valuable analysis of the radial hydrides and their environment
was obtained through the current work of this thesis.

4.2 Second Phase Precipitate Distribution
4.2.1 SPP Distribution in Zry-4
The non-uniform distribution of SPPs observed in the long-distorted grains of the AsIrradiated Zry-4, is consistent with precipitate distributions for the SRA Zry-4 alloys in
literature.[19] For both LBU and HBU As-Irradiated Zry-4, the Zr(Cr,Fe)2 Laves phase
precipitate was the most predominant. These SPPs were observed to be amorphous and Cr-rich
precipitates, which is expected for the irradiation conditions these spent fuel cladding
experienced, as seen by Griffiths.[99] He showed that precipitates exhibiting a high Cr content
had a preferential depletion of Fe during annealing, shown in Figure 66.[99] According to
Griffiths, Laves phase precipitates in Zry-4 undergo structural and compositional changes during
irradiation that largely depend on the irradiation and annealing temperatures. He found that at
irradiation temperatures of about 550-600K the Zr(Cr, Fe)2 precipitate has a susceptibility to an
amorphous transformation. However, significant recrystallization was observed at annealing
temperatures of 575-675K for the Zr2(Ni, Fe) particles and at 775-875K for the Zr(Cr, Fe)2
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particles. At high temperatures (640-710 K) both the Zr2(Ni, Fe) and Zr(Cr, Fe)2 intermetallic
particles undergo radiation-induced dissolution and the redistribution of alloying elements results
in the formation of precipitates in the matrix and at grain boundaries.
For the HRT HBU Zr-4 samples, the geometric distribution of Laves phase precipitates
was similar to the as-irradiated conditions, and amorphization of these precipitates occurred
during normal reactor operations. However, the redistribution and recrystallization of the
depleted Fe from these precipitates was drastically different in the HRT sample. The
recrystallized ZrFe2 precipitates, confirmed by SAED patterns, were observed in the HRT HBU
Zry-4 sample and shown to be associated with the radial hydrides. Large ZrFe2 clusters
corresponded with higher hydride concentration accumulation, and needle-like Fe-rich clusters
were observed parallel to the [0002], [112̅0], and [101̅0] directions within the δ-hydrides.
Griffiths also observed rod-like depletion from Laves phase precipitates in Zry-2 and Zry-4
cladding, as shown in Figure 66.[99] However, the rod-like structures characterized in his work
corresponded to: (1) ZrFeCr precipitates containing Fe:Cr ratios 1:1 <1um away from the Laves
precipitate and 5:1 Fe:Cr ratios >1um from the Laves phase in the [0001] direction, and (2) rodlike structures along the <112̅0> direction having a 2:1 Fe:Ni ratio. Additionally, he found that
Zr2(Fe,Ni) particles were difficult to characterize because of their association with hydrides.
This differs slightly from this work in that the ZrFe2 clusters and needle-like Fe-rich precipitates
associated with the hydrides in Zry-4 contained <1% Cr. However, these similarities suggest
that the crystalline precipitates may be derived from the depleted Laves phases present in the
matrix. Christensen et al. recently published atomistic simulations showing that the ZrFe 2
precipitate exhibited the highest enthalpy of formation (EOF) as well as the highest Young’s and
Shear modulus as compared to other ZrFe-type precipitates found in Zr-alloy systems where a
decrease of the EOF, Young’s and Shear modulus occurred with increasing Cr content.[101]
This finding is complementary to why these precipitates are able to form under the high hoop
stress experienced during hydride reorientation treatments.
It should also be mentioned that a “galaxy”-type Cr-rich Laves phase was discovered by
STEM EDS within the HRT HBU ZRy-4 sample. This type of diffuse precipitate seemed to be
highly amorphized and was intermingled within the hydrides, however its diffraction pattern was
unable to be obtained due to the nature of the small grains and hydrides it was intermingling
with. This author has not seen this type of precipitate in literature and would not have discovered
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Figure 66: Laves phase Zr(Fe,Cr)2 precipitate showing needle-like depletion after neutron irradiation at 580 K to a
fluence of 8 x 1025 n m-2 and annealing at 875 K for 1 h: (a) as irradiated; (b) annealed.[99]

Figure 65: High burnup (63 GWd/MTU) M5 cladding after a 1-cycle RHT of 140 MPa with a peak
temperature of 400ºC and cooling rate of 5ºC/hr.[71]
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it using traditional TEM methods. It is assumed that its diffuse nature is due to the high burnup
in the HRT HBU Zry-4 sample, and due to the hydride interaction, was unable to recrystallize.

4.2.2

SPP Distribution in M5
Unlike Zry-4, SPP distribution of Nb-type precipitates in the HRT HBU M5 sample is

fairly uniform which is common for RXA type Zr-alloys, with precipitate size <100𝜇m.[19]
There is no amorphization of these precipitates (unlike radiation-induced amorphization of the
Laves phase found in Zry-4 cladding), which is consistent with the work of Shishov, where he
found that the Nb precipitates were stable at normal PWR operating temperatures.[13] The two
types of SPPs observed in the HRT HBU M5 were the Zr(NbFe)2 and the 𝛽-Nb. Although a
uniform distribution exists, it was observed that the Zr(NbFe)2 precipitates were found
exclusively in the grains containing radial hydrides, whereas the 𝛽-Nb were observed in the nonhydride containing grains. Additionally, the Zr(NbFe)2 precipitates seemed to have depleted
most of their Fe yet had retained their HCP crystal structure. This Fe depletion has been
observed in the works of Shishov and Yu, however, neither of their works focused on the
precipitates in relation to hydrides, and they observed that the depleted Fe was uniformly
dispersed in the matrix.[13, 102] The Fe from the precipitates in this work was not seen to
recrystallize and form Fe-rich precipitates along the hydride as in the Zry-4 samples, but was
fairly uniformly distributed in the matrix with some residual enrichment of the Zr(NbFe)2
precipitates as well as a dilute enrichment of the hydride grain boundary, shown by EDS. The
lack of Fe-rich clusters having the same influence in the M5 as they did in Zry-4 may be due the
lower Fe content in this alloy, the faster cooling rate during the HRT as compared to the Zry-4
HRT, or perhaps the repulsion of the Nb precipitates near the hydride, as shown by
Christensen.[101]

4.3 Fe-Hydride Synergy
Throughout this work, a clear attraction, co-location, and synergy between depleted Fe
from SPPs and hydrogen is revealed through STEM EDS. This is shown on a small scale in the
As-Irradiated Zry-4 and HRT HBU M5 and is exacerbated in the HRT HBU Zry-4. As
previously stated in section 4.2.1, SPPs in Zry-4 can become amorphous during normal reactor
conditions and the dissolution of their elements enrich the zirconium matrix, creating point
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defects that hydrogen may interact with, specifically <a> and <c>-type dislocation loops and
vacancies.[24, 25, 28, 50, 51, 52] Adamson proposed that only a fraction of hydrogen is to be
influenced by these radiation effects on the order of 25 to 200 ppm, however, a differentiation of
whether it was soluble hydrogen or the precipitated hydride had not been concluded.[96]
Additionally, annealing studies conducted by McMinn and Vizcaino indicated that perhaps the
dissolution Fe may stabilize or enhance trapping sites for hydrogen and a possible release of
hydrogen could occur in the same temperature ranges that irradiation damage is recovered.[48,
49] This delayed release would cause a greater fraction of hydrogen to participate in hydride
reorientation. Christensen has also shown some first principle simulations where vacancies were
capable of trapping up to 9 hydrogen atoms that would travel with the defect during vacancy
migration. Chromium was shown to trap 2 hydrogen atoms, nickel had an even stronger effect,
and iron was shown to have the strongest binding energy of the three.[51]
The evidence for the combination of these theories by Adamson, McMinn, Vizcaino,
Griffiths, and Christensen [24, 48, 49, 51, 58, 99] is revealed in the TEM and STEM analysis of
this work. The degree of hydride reorientation for a given temperature and stress decreases with
increasing hydrogen concentration due to only a partial dissolution of hydrogen to the matrix. If
a hydride undergoes only partial dissolution, the undissolved hydride serves as a favorable site to
reprecipitate in an unstressed condition.[89] However, in the stressed conditions, such as the
HRT HBU Zry-4, Fe is observed to be a preferred nucleation site for the solutionized hydrogen
and is contributing to the nucleation and growth of radial hydrides. A proposed mechanism for
this phenomenon in the HRT HBU Zry-4 is shown in the schematic of Figure 66, and is
described as follows:

1. Fe depletes from the Cr-rich Zr(Fe,Cr)2 Laves phase precipitate during normal reactor
operations and moves anisotropically throughout the matrix along the basal plane.[99]
2. During HRT conditions, depleted Fe begins to cluster and recrystallize in the form of
ZrFe2 and needle-like precipitates that cause strain in the matrix and stabilize vacancy
dislocation loops.[101]
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Schematic of The Preferential Nucleation and Growth of Radial Hydrides Near Fe
Precipitates During Hydride Reorientation Conditions

Figure 66: Schematic of the preferential nucleation and growth of a radial hydride near Fe precipitates during
hydride reorientation conditions.
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3. At temperature above ~200°C, the circumferential hydrides either partially or fully
dissolve according to their concentration at TSSd and the hydrogen in solution
diffuses isotropically to the new stressed areas (ie. Vacancy loops and Feprecipitates).
4. The fast-moving hydrogen interacts with the Fe-precipitates and their stabilized loop
formations and gets trapped.
5. As temperatures cool under a sufficient hoop stress, hydrogen begins to precipitate at
the Fe-precipitates, and a nucleation of the radial hydride begins.
6. During subsequent thermocycles, these radial hydride nucleation sites created by the
Fe-precipitates continue to attract the hydrogen in solution in which sympathetic
nucleation occurs, thus yielding a stabilization and growth of the radial hydride.

This Fe-H synergy is also realized to a lesser extent in the HRT HBU M5 sample, where
radial hydrides were observed co-located with Zr(Nb,Fe)2 precipitates and an enrichment of Fe
in the hydride grain boundaries is occurring. However, whether or not there is a strong influence
on hydride orientation still needs to be resolved.
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Chapter 5: Conclusion
Microstructural investigation of hydrides in commercial spent nuclear fuel cladding for
as-irradiated and hydride reorientation conditions has been completed in this thesis using optical
microscopy, vacuum hot extraction, TKD, EELS, TEM, and STEM EDS characterization
techniques. This suite of techniques provides valuable in-depth characterization for the local
environments of hydrides in LBU and HBU commercial spent fuel cladding for as-irradiated and
HRT conditions. Two hydride reorientation treatments were completed: a 5-cycle heat treatment
with peak temperatures of 400°C at 140 MPa hoop stress for the HBU Zry-4 (63.8 Gwd/MTU)
sample, and a 1-cycle heat treatment with a peak temperature of 400°C at 140 MPa hoop stress
for the HBU M5 (72.9 GWd/MTU). As-irradiated LBU (35.7 GWd/MTU) and HBU Zry-4 (66.8
Gwd/MTU) were compared to the HBU HRT Zry-4 sample.
5.1 General Conclusions
1. The hydride phase for Zry-4 and M5 samples were determined using three different
charactization techniques, specifically TKD, low-loss EELS, and SAED patterns. For all
conditions the hydrides were in the FCC 𝛿-phase and no 𝛾-phase hydrides were observed
in the Zry-4 or M5 commercial spent nuclear fuel cladding. These characterization
techniques are in good agreement and provide a thorough understanding of the hydride
phase in commercial spent fuel cladding.
2. The local SPP distribution in the hydride environment was observed for the HBU M5 and
HBU and LBU Zry-4 alloys. In general, the relative uniform distribution of small
(<100nm) Nb precipitates shown by STEM EDS is clearly contributing to the corrosion
resistance of these alloys, whereas the relatively larger non-uniformly distributed Laves
phase precipitates in the Zry-4 are observed to have a stronger influence on hydride
precipitation and reorientation. This is consistent with observations in literature.[5, 6, 14,
19, 26, 27, 37,99]
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5.2 Conclusions for Zry-4
The in-depth TEM and STEM analysis in this work support and extend the knowledge
base laid out by Adamson, McMinn, Christensen, and Griffiths [24, 51, 58, 99] in which the
following conclusions can be stated:
1. In the As-irradiated condition, hydrides seemed to have a preferential accumulation
near the depleted Fe from the amorphous Cr-rich Zr(Fe,Cr)2 Laves phase, observed
through STEM EDS, and small Fe-rich precipitates were seen surrounded by <c>
loops.
2. Under the HRT conditions, depleted Fe from the Cr-rich Zr(Fe,Cr)2 Laves phase
precipitates recrystallized to form large ZrFe2 clusters and Fe-rich needle-like
precipitates that acted as preferential nucleation sites for the solutionized hydrogen
and stabilized the growth of radial hydrides. The large ZrFe2 clusters correlated with
the highest density of the radial hydrides. The needle-like precipitates were found
within the hydride parallel to the [0002], [112̅0], and [101̅0] directions, which is
consistent with the crystollographic directions observed by Griffiths of rod like
depletion of Fe precipitates from the Laves and Zintl phases in Zr-2 and Zr-4.[99]
5.3 Conclusions for M5
1. Radial hydrides in M5 were observed by STEM EDS to have a preferential colocation near the uniformally distributed crystalline Zr(Nb,Fe)2 precipitates. The
crystal structure for these precipitates was confirmed through SAED, and although
they were depleted of most of their Fe, the native Zr(Nb,Fe) 2 crystal structure
remained.[13, 102] This gives new insight into the distribution of hydrides in the
presence of Nb precipitates and their Fe dissolution.
2. The depleted Fe from the Zr(Nb,Fe)2 precipitate was fairly evenly distributed
throughout the matrix, with a slight enrichment of the grain boundary belonging to
the [1̅21̅0] oriented grain of where the radial hydride was co-located. The lack of Ferich clusters forming in HRT HBU M5 may be due the lower Fe content of the alloy
compared to Zry-4, the faster cooling rate during the HRT compared to the Zry-4
alloy in this work, or perhaps the repulsion of the Nb precipitates near the
hydride.[99]
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3. Uniformally distributed crystalline 𝛽-Nb precipitates were observed by STEM EDS
to populate grains devoid of radial hydrides, where Fe and Cr was evenly distributed
throughout the grain with no strong accumulation or precipitation. The BCC 𝛽-Nb
crystal structure was confirmed by SAED.
4. Low-loss EELS data for the FCC intra-granular 𝛿-phase are, to this author’s
knowledge, the only reported values in literature for the M5 alloy. Using the
complementary techniques of TKD and SAED, the shift in the primary plasmon peak
from ~16.5 eV in the α-matrix to 18.9 eV in the δ-hydride peak can be characterized
as the values for intra-granular δ-hydrides.
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Chapter 6: Future Work
Several follow-on research activities would be valuable to provide improved insight into
the mechanisms of precipitate evolution.
1. The LBU Zry-4 HRT should be completed and compared to the HBU HRT Zry-4 to more
completely show how burnup affects hydride reorientation.
2. Since the low pressure (90 MPa) and as-irradiated M5 samples were not able to be
retrieved from the hot cell in a timely manner, future analysis on these samples would
provide valuable information on hydride reorientation in M5, as well as to deconvolute
the hydride morphology seen in the high pressure (140 MPa) HBU HRT M5.
3. Using a slower cooling rate for HRT of the M5 sample to mirror the conditions set by
Billone would be valuable to help deconvolute the hydride morphology differences seen
in the high pressure (140 MPa) HBU HRT M5.
4. Full rod heat-treated samples originally planned for this work were never received and
would provide valuable information regarding how the native pressure affects hydride
reorientation during thermocycling of a full rod that has not been sectioned. This would
also help verify the simulated hydride reorientation treatments carried out in this work.
5. Low-loss EELS analysis was not able to be completed for the HRT and As-Irradiated
HBU Zry-4 or As-Irradiated M5. Completion of this work would provide valuable
insight to the local hydride stoichiometry of the hydrides in HBU Zry-4, and provide new
values for M5 that do not exist currently in literature.
6. In-situ TEM experiments using a heating and straining stage would provide helpful
dynamic information on the depletion and recrystallization of Fe precipitates in HBU
Zry-4.
7. Fatigue testing of the HBU samples in the as-irradiated and HRT conditions would
provide insight into the effect of hydride reorientation during transportation of spent fuel
cladding.
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Appendix

Figure 1A: STEM EDS map of Fe-Rich precipitate near the hydride shown in Figure 42.
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